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ABSTRACT 
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Tnis  final  report  provides  a  summary  of  the  results  realized  from  the  research 
aatvities  conducted  under  the  sponsorship  of  U.S.  Army  Research  Office  Contract 
DAAG29-85-K-0220,  entitled  "Millimeter  Wave  Radar  Clutter  Program".  The 
overall  goal  of  the  progam  was  to  conduct  experimental  measurments  and 
develop  theoretical  models  to  improve  our  understanding  of  electromagnetic 
wave  interaction  with  terrain  at  millimeter  wavelengths.  The  work  was  divided 
into  five  major  tasks.  Tas.ks  1  involved  the  construction  of  calibrated 
scatterometer  systems  at  35,  94.  and  140  GHz.  in  designing,  constructing,  and 
testing  these  systems,  a  great  d«a'  "«<•  •■•^•nt  about  system-design  trade-offs  and 
system  stability  requirements,  ind  new  caiibrausn  were  developed. 

The  scatterometer  systems  weri 'hen  used  In  support  cf  the  regaining  u-'  -  jhe 
objective  of  Task  2  was  to  evaluate  thw  of  signal  fa..  '1  on  the  radar 
backscatter  from  terrain.  Based  on  experiments  co<.<ijcted  from  aspha..  d 
snow-covered  surfaces,  It  was  determined  that  the  Rayleig..  'viing  model  -s 
applicable  at  millimeter  wavelengths,  and  a  model  was  developed  ^ 

frequency  averaging  can  be  used  to  reduce  signal  fading  fluctuations.  Task  3 
involved  the  development  cf  a  model  that  relates  the  transmission  loss  of  dry 
snow  to  crystal  size  in  the  18-90  GHz  region.  In  Task  4,  we  examined  the 
character  of  bistatic  scattering  from  surfaces  of  various  surface  roughness  and 
from  two  types  cf  trees.  The  bistallc  data  for  trees  proved  Instrumental  in  the 
development  of  a  rodar  model  for  scattering  from  tree  foliage  at  millimeter 
wairelengths,  which  was  one  component  of  Task  5.  The  other  component  of  Task 
5  Involved  the  development  of  a  modal  for  snow.  ( 
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1.  INTRODUCTION 


The  "Millimeter  Wave  Radar  Clutter  Program"  was  funded  by  the  U  S. 
Army  Research  Office  in  September,  1985  to  answer  a  number  of  important 
questions  related  to  millimeter-wave  radar  scattering  from  terrain.  This  Final 
Report  provides  a  summary  of  the  research  conducted  and  the  major  results 
realized  under  this  program.  The  program  was  organized  in  terms  of  the 
following  five  tasks. 

Task  1  -  Contruction  of  Millimeter-wave 
scatterometers:  in  order  to  develop  valid  models  for  radar  scattering 
from  terrain,  it  was  imperative  that  we  conduct  careful  measurements  of 
various  types  of  terrain  under  a  variety  of  conditions.  The  experimental  data 
servos  to  guide  the  development  of  the  models  as  well  as  to  verify  their 
applicability.  Hence,  the  first  task  of  the  program  focused  on  the 
development  of  calibrated  scatterometers  with  operating  frequencies  of  35, 
94,  and  140  GHz,  which  correspond  to  atmospheric-window  frequencies. 
Under  a  sepearte  DOO-equipment  grant,  we  also  developed  a  system  at 
215  GHz. 

Task  2  •  Examination  of  Radar  Signal  Statistics:  The 

literature  contains  several  models  for  characterizing  signal  fading  statistics 
of  radar  scatter  from  terrain.  This  task  seeks  to  determine  the  nature  of 
signal  fading  at  millimeter  wavelengths  and  to  evaluate  the  relationship 
between  the  fading  standard  deviation  and  frequency  bandwidth  when 
frequncy  averaging  is  used. 
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Task  3  -  Modeling  Extinction  Loss  of  Dry  Snow: 

Because  snow  is  a  dense  medium  and  because  the  ice  crystals  are 
comparabie  to  the  wavelength  in  size  in  the  millimeter-wavelength  region, 
the  models  used  at  the  lower  microwave  frequencies  are  inapplicable  at 
millimeter  wavelengths.  The  goaf  of  this  task  is  to  develop  a  model  for  the 
extinction  loss  of  dry  snow  and  to  verify  its  behavior  with  experimental 
measurement. 

Task  4  -  Examination  of  Bistatic  Scattering  from 
Surfaces  and  Voiumes:  Prior  to  this  program,  no  millimeter-wave 
bistatic  measurments  of  terrain  had  been  reported  in  the  literature.  The 
purpose  of  this  task  is  to  examine  the  character  of  bistatic  scattering  and  to 
use  it  in  the  development  of  radar  scattering  models.  Even  for  monostatic 
radar,  the  backscattering  return  includes  multiple-scattering  contributions  that 
are  governed  by  bistatic  scattering  in  the  medium  under  observation. 

Task  5  -  Development  of  Radar  Scattering  Models  for 
Terrain:  Under  this  program,  we  concentrated  on  two  types  of  terrain, 
snow-covered  ground  and  tree  foliage.  The  goal  of  this  task  is  to  develop 
electromagnetic  models  that  can  adequately  describe  millimeter-wave 
backscatter  in  terms  of  the  physical  properties  of  the  medium. 

Over  the  four-year  duration  of  this  program,  numerous  papers  were 
published  in  the  literature  and  several  presentations  were  made  at 
scientific  symposia  documenting  the  various  results  realized  in  support  of 
the  above  five  tasks.  A  subset  comprised  of  the  major  papers  generated 
under  this  program  is  included  in  Appendix  A,  and  numbered  1  through  13. 


2 


In  the  next  section,  we  shall  focus  on  the  major  conclusions  learnt  from  the 
research  conducted  under  this  program  without  going  into  the  details  of  the 
experiments  and  models.  We  will  refer  the  reader  to  the  details  by 
referencing  the  appropriate  papers  in  Appendix  A. 

2.  SUMMARY  OF  RESULTS 

2.1  Task  1  -  Construction  of  Mlilimeter*Wave  Scatterometers 

The  basic  approach  used  in  designing  the  millimeter-wave 
scatterometers  is  described  in  paper  [1].  The  initial  plan  was  to  design  and 
build  three  systems  to  operate  at  the  atmospheric-windows  frequencies  of 
35,  94,  and  140  GHz.  In  1989  we  added  a  fourth  channel  at  215  GHz  with 
funds  provided  by  a  DOO  equipment  grant.  The  salient  features  of  the 
millimeter-wave  system  are  given  in  Table  l .  Examples  of  polarimetric 
measurements  made  at  35  GHz  are  given  in  paper  [2],  and  example  of 
obsen/ations  made  at  140  GHz  are  given  in  paper  [3]. 

2.2  ExaminaJon  of  Radar  Signal  Statistics 

Based  on  extensive  radar  measurements  that  were  conducted  for 
asphalt  and  snow-covered  surfaces  (see  paper  (5],  the  following  results 
were  obtained: 

(1)  The  Rayleigh  fading  model  provides  excellent  agreement  with 
measurements  for  statistically  homogeneous  targets.  The  major  cause 
responsible  for  the  confusion  that  exists  in  the  literature  with  regard  to  the 
question  of  which  probability  density  function  is  appropriate  for 
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Table  1.  Parameters  of  the  University  of  Michigan 
Millimeter  Wave  Polarimeter 


FREQUENCIES: 

IF  BANDWIDTH: 
SWEEP  RATE: 
POLARIZATION: 
INCIDENCE  ANGLES: 
PLATFORM  HEIGHT: 


35.  94.  140.  215  GHz 
0  to  2.0  GHz 

1  ms/frtq..  51.  101.  201.  401  frcq./swcep 
HH.  HV.  VV.  VH 
0  to  70  degrees 

3  meters  minimum,  to  18  meters  maximum 


NOISE  EQUIV.  o*: 

35  GHz: 

-22  dB 

94  GHz: 

-28  dB 

140  GHz: 

-21  dB 

215  GHz: 

-30  dB 

CROSSPOL  ISOLATION: 

35  GHz: 

23  dB 

94  GHz; 

20  dB 

... 

, 

140  GHz: 

15  dB 

215  GHz; 

20  dB 

PHASE  STABILITY: 

55  GHz; 

~1  degree/hour 

94  GHz: 

-1  degrecAninute 

140  GHz: 

-10  to  50  dcgrecs/second 

215  GHz: 

-20  degrees/heur 

NEAR  FIELD  DIST: 

35  GHz: 

2.7  m 

94  GHz: 

7.3  m 

140  GHz: 

2.7  m 

215  GHz: 

4.4  m 

BEAMWIDTH: 

35  GHz: 

R;  4.2  deg 

T: 

4.2  deg 

94  GHz: 

R:  1.4  deg 

T: 

2.8  deg 

140  GHz: 

R:  2.2  deg 

T: 

11.8  deg 

215  GHz; 

R:  1.1  deg 

T: 

2.3  deg 

ANTENNA  DIAMETER: 

35  GHz: 

R:  6  inches 

T: 

6  inches 

94  GHz: 

R:  6  inches 

T: 

3  inches 

140  GHz; 

R:  3  inches 

T: 

0.36  inches 

215  GHz: 

R:  3  inches 

t : 

1.5  inches 
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characterizing  the  statistical  variability  of  the  radar  return  from  terrain  is  the 
fact  that  the  data  aquirod  with  airborne  programs  includes  two  sources  of 
variability,  namely  that  due  to  fading  and  that  due  to  the  statistical  in¬ 
homogeneity  of  the  target  scene.  If  we  study  these  two  types  of  variations 
separately,  we  can  easily  compute  the  distribution  for  the  combination. 

(2)  Examination  of  the  standard  deviation  associated  with  the 
backscatter  when  frequency  averaging  over  a  bandv/idth  B  is  used, 
compared  to  the  standard  deviation  when  no  frequency  averaging  Is  used 
(CW  operation),  led  to  the  development  of  a  model  that  shows  the  reduction 
in  signal  fluctuation  with  bandwidth.  The  model  is  in  excellent  agreement 
with  experimental  observations.  The  equivalent  number  of  independent 
samples  realized  by  frequency  averaging  is  approximately 

N  =:2JQJS 
c 

where  D  is  the  range  resolution  of  the  systnm  and  c  is  the  velocity  of  light. 

2.3  Task  3  •  Modeling  Extinction  Loss  of  Dry  Snow 

A  millimeter-wave  model  for  the  transmission  loss  of  dry  snow  was 
developed  taking  into  account  both  coherent  loss  due  to  scattering  and 
absorption  and  multiple  scattering  effects  [6.  7].  The  model  was  compared 
with  measurements  made  as  a  function  of  slab  thickness  for  18  different 
types  of  snow  with  crystal  sizes  varying  from  0.2  mm  to  2.0  mm.  The 
msasurements  were  made  at  18,  35,  60.  and  90  GHz.  The  results  form  the 
basis  for  modeling  the  backscatter  from  snow  using  the  radiative  transfer 
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approach  because  prior  to  this  investigation  it  was  not  clear  as  to  how  to 
define  crystal  size  in  snow. 

2.4  Task  4  •  Examination  of  Bistatic  Scattering  from  Surfaces 
and  Volumes 

Papers  [8]  -  [10]  describe  experiments  conducted  and  models 
developed  to  characterize  mii;  meter-wave  bistatic  scattering  from  surfaces 
of  varying  surface  roughness  and  from  two  distinctly  different  types  of  trees. 
The  major  findings  were: 

(1)  For  a  smooth  sand  surface  with  rms  height  of  less  than  0.1  mm, 
bistatic  scattering  in  the  specular  direction  was  found  to  be  within  a  fraction 
of  idB  of  theory  for  both  horizontal  and  vertical  polarizations.  As  the 
surface  roughness  was  increased,  the  coherent  specular  component 
decreased  and  diffuse  scattering  increased.  By  making  measurements  as  a 
function  of  both  the  azimuth  angle  and  the  elevation  angle  of  the  receiver, 
three  dimensional  scattenog  plots  were  generated  for  each  polarization 
configuration. 

(2)  Sistatic  scattering  by  trees  can  be  modeled  as  the  sum  of  a  forward 
scattering  narrow-lobed  Gaussian  function  with  a  beamwidth  on  the  order  of 
10°  and  an  isotropic  component,  typically  20  dB  lower  in  level  than  the  peak 
of  the  forward  pattern.  Inspite  of  the  complicated  geometry  of  the  tree 
architecture,  insigmficar  t  differences  were  observed  between  the  scattering 
patterns  corresponding  to  horizontal  and  vertical  polarizations.  This  result 
led  to  significant  simplifications  in  the  construction  of  a  phase  function  for 
modeling  multiple  scattering  effects  in  vegetation  canopies. 
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2.5  Task  5  •  Development  of  Radar  Scattering  Models  for 
Terrain 

Radiative  transfer  models  were  developed  for  tree  canopies  and 
snow-covered  ground.  Using  the  form  of  the  scattering  patterns  measured 
in  the  bistatic  scattering  invetigations.  a  model  was  developed  for  the  phase 
matrix  of  tree  foliage  and  then  used  in  a  radiative  transfer  model  to  compute 
the  radar  backscatter.  Three  solutions  were  examined:  (1)  first  order,  (2) 
second  order,  and  (3)  numerical.  It  was  found  that  the  second-order 
solution  provides  accuracies  within  1  dB  for  both  like  and  cross  polarization 
if  the  albedo  is  less  than  0.6  (paper  [12]).  Upon  comparing  the  model  with 
data,  excellent  agreement  was  obtained  at  35,  94,  ana  140  GHz. 

A  radiative  transfer  model  with  the  quasi-crystalline  approximation  was 
developed  for  snow.  The  model  accounts  for  snow  surface  roughness, 
crystal  size,  and  liquid  water  content.  Both  model  and  data  indicate  that 
surface  roughness  is  of  secondary  importance  for  dry  snow  but  not  for  wet 
snow.  The  effect  of  liquid  water  content  is  most  significant  at  35  GHz  and 
becomes  smaller  as  we  increase  the  frequency  to  94  and  140  GHz. 

Paper  [13]  provides  a  detailed  description  of  the  model.  Companson 
of  the  model  results  with  experimental  observations  is  the  subject  of  a 
separate  paper  which  is  in  the  final  preparation  stage  but  not  yet  ready  for 
inclusion  in  this  report.  Both  papers  will  be  submitted  for  publication  in  a 
scientific  journal  in  November,  1989. 
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4.  PARTICIPATING  SCIENTIFIC  PERSONNEL 

The  following  people  participated  in  The  Millimeter  Wave  Radar 
Clutter  Program: 

Faculty  and  Research  Scientists 

Dr.  Fawwaz  T.  Uiaby 

Dr.  Yasu  Kuga 

Dr.  Thomas  Senior 

Dr.  Jack  East 

Dr,  Martti  Hallikainen 

QradualQ  Studanta 

Dr.  Kama!  Sarabandi,  Received  M.S.  (1986)  and  PhD  (1989) 

Mr.  Michael  Whitt.  Received  M  S.  (1987),  expected  PhD 
completion  in  1990 

Ms.  Emilio  Van  Deventer.  Received  M  S.  (1987),  expected  PhD 
completion  in  1990 

Mr.  Richard  Austin,  Received  M.S.  (1988),  expected  PhD 
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Mr.  Jack  Ross,  no  degree  completed.  Transferred  to  another 
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Mr.  Vince  Karasack,  Received  M.S.  (1988) 

Ms.  Julie  Hoffman.  Received  M.S.  (1988) 

Mr.  Adib  Nashashibi,  expected  PhD  completion  in  1991 
Mr.  Mike  Colluzi,  Received  M.S.  (1988) 

5.  CONCLUSIONS 

Judging  by  both  the  quantity  and  quality  of  the  work  performed  under 
this  program  and  by  the  significance  of  the  results  achieved  relative  to  the 
goals  of  the  program,  we  believe  that  we  have  made  impo.tant  contributions 
towards  understanding  the  nature  of  millimeter-wave  interaction  with  terrain. 
This  type  of  research  should  be  continued  with  primary  emphasis  placed  on 
the  use  ot  polarimetric  data  for  characterizing  the  physical  properties  of  the 
observed  scene 
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I.  Introduction 

The  primary  design  objectives  of  the  Millimeter- 
wave  Polarimeter  (MMP)  is  to  achieve  a  system  that 
can  operate  at  3S.  94.  and  140  GHz  with  full  polarization 
and  phase  capability.  It  should  operate  from  a  truck  plat- 
form  as  a  scanerometer  for  backscatter  measuretnenu  and 
in  the  laboratory  for  bisutic  and  transmiuion  measure- 
menu.  and  should  have  ranging  and  real-time  processing 
capabilities.  The  HP  8310A  is  an  automatic  vector  net¬ 
work  analyzer  with  a  computer-control  system  that  allows 
vector  error  correction  of  imperfections  through  die  use 
of  calibration  standards.  It  provides  the  needed  flexibility 
and  «igRa!  conditioning  and  processing  for  our  require- 
menu. 

The  three  configurations  of  the  MMP  are  illustrated  in 
Fig.  I.  Fig.  1(a)  illustrates  the  94'GHz  system  in  iu  back- 
scaner  mode.  In  this  configuration  it  operates  from  a 
vanable-angle  mount  on  ilie  end  of  an  extendable  boom 
mounted  on  a  truck.  The  fmnt  end  RF  and  IF  compooenu 
are  mounted  on  the  boom  top,  while  the  network  analyzer 
and  ancillary  dau  processing  and  recording  equipmem  are 
mounted  in  a  control  houae  on  the  bed  of  the  truck.  Fig. 
1(b)  shows  the  bisutic  measurement  conflguraiioo  in 
which  the  transmitter  and  receiver  sections  are  separated 
fiom  orw  another  and  used  to  make  bituik  measure- 
menu.  Fig.  1(c)  illustrates  the  transmitter  and  receiver 
subsystems,  operating  without  the  lens-hom  antennas,  to 
make  transmission  and  reflection  measuremenu,.  In  this 
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cooflguraiion  the  two  subsystems  directly  face  one  an¬ 
other,  so  the  transmitted  signal  passes  directly  through  the 
sample. 

Note  that  in  the  bisutic  and  reflection/trunsmission 
modes  the  receiver  and  transmitter  sections  must  be  po- 
sittooed  indcpcndemiy  of  each  other.  Scaatrometer  usage 
requites  that  the  entire  system  be  poruble,  with  the  front 
end  mov.ng  remotely  and  independently  from  the  HP 
83I0A  back  end.  The  MMP  system  illustrated  in  Fig  2 
addreaica  each  of  theqe  goals,  while  providing  standard 
operating  procedures  and  dau  formal  for  all  three  tyoes 
of  dau  acquiiiiion. 


II.  MMP  Design 

The  design  goal  wu  to  produce  a  single  versatile  in¬ 
strument  With  the  ability  to  be  coaFgurcd  in  the  three  de- 
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ft) 

Fig.  2.  Sciacnng  con6g«niia«  o<  Um  lytMTi,  dMiU.  tad  btock  diagiMM.  U)  Sr*"*  diagna  la  irwitwaniit  imdt.  Tht  6t-CHt  lytum  it  illuunied. 
31-  tad  140-OHs  aia  ■aitogaai.  (b)  Sagmnmmm  eoadgamiaa  ot  tfet  tytM« 

Sired  coafiguntiom.  Discuwioa  of  each  of  the  coafigu-  through  flexible  coaxial  cable  to  the  reference  signal  (a,  ) 
rations  follows.  post  of  the  oetwork  analyzer  The  reflected  signal,  picked 

up  by  a  second  astenna.  is  downccnverted  and  fed  into 
A.  BackaccMer  Modi  tiie  return  signal!  h| )  port.  The  polarization  switch  allows 

Fig.  2  illustrates  the  system  in  its  beckscatter  mode,  in  the  selection  of  either  the  horizontal  or  the  venicxl  re- 
detail  (part  a)  and  in  block  diagram  form  (part  b).  At  each  turned  signal.  Due  to  the  low  frequency  ( 2-4  GHz  and  10 

RF  frequency  a  fixed-frequency  Gunn  source  and  mixer  GHz)  coaxial  interconnections  between  the  various  up  and 

art  used  to  upconvert  a  2-4  Gliz  swept  signal.  co-»rolled  dosvu  converters,  the  transmi  ter  and  receiver  subsystems 

by  the  HP  8310A.  to  a  swept  93-95  GHz  signal.  This  are  iudependendy  mobUe. 

signal  it  trarumined  (in  vertical  or  hortzonui  polariza-  In  a  oiKlitional  FM/CW  radar  (l]-(3]  the  noise  floor  is 
tion)  through  a  lens-horn  antenna  to  the  target.  A  sample  set  by  nonvarying  leakages  and  rvflecuoni  wuhm  the  sys- 
of  the  transmitted  signal  is  harmonically  downconvened  tern.  For  short-range  calibrati^l  radars,  or  scattcrometers, 
with  a  low-frequency  LO  (  -^  10  GHz)  and  truumined  this  level  is  typically  about  30  to  35  dB  above  Uie  thermal 
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Fig.  3.  Lik«-  tad  <reM>poUnxatioa  meat  for  t  MMF  tatwiat. 


noise  floor  of  the  system.  The  HP  8S10A  lias  error  cor¬ 
rection  routines  that  correct  for  imperfections  in  the  test 
circuitry  through  measuttmenu  of  standard  calibrators. 
By  using  an  HP  8S10A  as  a  radar  back-end.  sources  of 
system  measurement  error  can  be  characterited  and  par¬ 
tially  subtracted  from  the  signal,  hence,  greatly  increas¬ 
ing  system  sensitivity  over  that  provided  by  a  coovea- 
lional  design. 

In  addition,  since  the  HP  89I0A  makes  titeasuremesKs 
by  determining  the  phase  and  amplinide  of  returned  sig¬ 
nals  over  a  series  of  stepped  frequencies,  all  phase  infor¬ 
mation  IS  retained.  When  both  horizontal  and  vertical 
modes  of  polarization  are  measured,  complete  polariza¬ 
tion  information  can  be  obuined.  This  allows  tlw  recon¬ 
struction  of  any  mode  of  polarizatioa,  linear  or  circular, 
thus  iruking  the  system  completely  polarizatioa  agile. 
This  capacity  can  be  used  to  oompl^y  specify  the  scat¬ 
tering  iTutrix  of  an  object  or  target  of  interest. 

The  HP  83IOA  has  the  capability  to  perform  complex 
binary  math  operationa  on  pain  of  ssvept  signala.  For  ea- 
ample,  a  signal  may  le  memorized  and  uaed  to  operate  on 
subsequent  signals  to  remove  or  reduce  unwanted  re¬ 
sponses.  This  can  be  used  to  reduce  reflection  and  leakage 
noise  from  within  the  system,  as  well  u  to  reduce  un¬ 
wanted  responses  from  ouuide  the  instrument. 

The  HP  83IOA  can  perform  real-time  fast-Fourier 
transforms  from  the  frequency  dotiuin.  in  which  the  data 
is  taken,  to  the  time  domain.  Range-gating  capabilities  in 
the  time  domain  allow  setting  the  response  of  the  instru¬ 
ment  to  s  specifled  time  range.  This  can  be  usod  to  reject 
signals  reflected  from  urgeu  ouuide  of  the  desired  range. 


TABLE  1 

Tiucx  Mouwns  ScATmoMim  FAtAMrrus 


WWr  MW 

$rm  * 

^  BMP  •  a  ••  ^  iwy  ^ 


VM  %Um 


waa  BPi  m 


u  well  u  to  measure  the  baclucattered  power  u  a  func¬ 
tion  of  range,  la  studying  the  scattering  from  vegeuiion 
canopiea,  for  ezaicpie,  it  it  pouible  to  record  the  differ¬ 
ential  scattering  u  a  function  of  range  from  the  top  of  the 
canopy  down  to  the  underlying  ground  surface. 

Table  I  Ksu  projected  system  performance  specihcj 
lions,  based  on  laboratory  tesu  and  specifications  of  our 


A. 5 


1 


78 


IEEE  TRANSACTIONS  ON  GEOSCIENCE  AND  *EMCrTE  SENSING  voL  76  NO  i  JANtAEY  i>»M 


2T04(j»tt  TTUNSMTTED  SWEPT 


equipment.  The  vtlues  for  the  noue-equivalent  a*  for  the 
94-  and  140-GHz  syucins  were  derived  on  the  basis  of 
tesu  in  the  laboratory. 

The  bandwidth  of  the  MMP  can  range  from  0  to  2  GHz, 
and  can  be  changed  ia  ttal-ume.  Narrow  bandwidth  al¬ 
lows  the  system  to  have  high  spectral  resoluuon,  and 
hence  have  good  determieatioa  of  frequency-dependent 
features  of  the  targets.  Wide  bandwidth  allows  good  tem¬ 
poral  resolution  and  can  be  used  to  reduce  and  study  the 
elfecu  of  fading. 

Antenna  panems  of  a  typical  MMP  antenna  a.^e  given 
in  Fig.  3.  These  antennu  have  corrugated  coriral  feed 
horns  with  matched  dielectric  lenses.  Note  that  the  cross- 
polarization  isolation  is  better  than  40  db. 

B.  Bisiatic  Mode 

The  bisutic  configuration  diagram  is  shown  in  Fig.  4. 
The  operation  is  similar  to  that  in  the  backKatter  mode, 

A.b 


only  here  the  transmitter  and  receiver  sections  move  in¬ 
dependently  of  each  other  in  making  the  measuremenu  at 
various  angles.  Ease  of  movement  of  the  two  subsystems 
comes  from  the  low-frequency  IF  ( 2  to  4  GHz )  and  LO 
<Af-band)  intercoonectjoos.  Note  that  due  to  range-gatir.g, 
bistatic  measurements  can  take  place  anywhere,  in  the 
field,  where  the  numerous  unwanted  reflections  can  be 
lime-gated  out,  or  in  the  usual  ancchoic  chamber  setting 

C.  Trtuismujion  Mode 

The  transmission  configuration  diagram  is  shown  in 
Fig.  S.  Operation  is  at  in  the  bisuiic  case,  with  the  trans- 
mtner  and  receiver  units  positioned  independently,  only 
now  the  lens-hom  antennas  are  removed  and  samples  are 
placed  directly  against  the  waveguide  probes  In  this  con¬ 
figuration  the  polanzalion  switch  is  used  to  select  either 
the  response  from  the  reflected  signal  or  the  transmuted 
signal. 
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Fig.  6  shows  a  histofnai  of  (be  tins  -stomeia  respooee 
of  the  lyium  operating  ia  the  acanerMDeier  mode  el  33 
GHz.  The  target  was  a  duue  stand  of  treea,  and  the  data 
was  taken  with  a  full  bandwidth  of  2  GHz  ai  an  aogie  of 
approximately  43  degrees.  Calibradoo  was  performed 
against  a  13-in  sphere,  and  the  estimated  !-«  accuracy 
wu  1  dB  for  the  total  canopy  e*  «  -9.6  dB.  The  histo¬ 
gram  shows  the  power,  given  as  a  ptrcent  of  the  total 
removed  power,  through  the  canopy  in  lO-ns  bios. 

Fig.  7  shows  a*  measurements  of  an  asphalt  surface 
versus  angle  for  H-H,  V-V.  and  V-H  polarizations.  This 
diu  was  taken  at  3S  GHz  with  a  2-GHz  bandwidth. 


Fig.  8  sbowt  a  plot  of  the  radar-ctou-section  versus 
incidence  angle  for  a  leaf  of  cress  section  of  approxi¬ 
mately  40  cm^,  anth  63-perceot  moisture  content.  This 
data  was  taken  in  an  anechoic  chamber  at  33  GHz  with 
the  system  opentiDg  to  the  backscatter  mode. 

rV.  CONCl.l«X>N 

The  HP  8SI0A  network  analyxer  shows  great  promise 
as  the  back  end  of  c^ntimet^-  and  millimcter-wave 
FM/CW  scaneromcters  and  reflcctometen.  Use  of  us 
vaiioua  error  correction  and  signal  processing  capabilities 
should  greatly  improve  sigral-to-ncise  ratio  over  equiva¬ 
lent  conventional  systems.  Furthermore,  the  ver.atility  m 
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budwidtta,  polahurioo,  ind  configundon  of  tbe  MMP 
allow  for  a  flexible  syitexn  for  field  aa  well  u  laboratory 
vu«. 
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AMrao— Tbt  milllmcttr-wivt  polartaMRr  IMMPI  it  a  icaltar* 
oiMitr  lystaiB  (Rat  oaai  'ha  HP  UIBA  vactar  aatwark  aaaljriar  far 
cafearaM  pracastla«  af  iBa  raeaiira4  il«aal.  It  oRaratai  ai  IS  aa4  M 
GHa.  aaB  a  ihlrB  chaaaal  at  14B  CHi  la  ta  ba  adiiB  la  IMB.  Tha  MMP 
pravIBaa  tba  patartaatlaa  aad  pRaaa  awaiara»tat  capaMliir  aaaM  la 
■aaaara  iba  taaiRlata  tcaitarlat  ■atiii  .V  a  |lvaa  tarfai.  TUa  papar 
daacribaa  a  caiibraiiaa  aad  anataraawat  taiRaiaaa  that  war  aaad  wMR 
tba  MMP  at  3S  GHa  ta  awaiara  tba  trattarliid  autiia  far  batb  dIauSb* 
atad  aad  paiat  tartau.  Aa  aaaiTtta  af  tba  laaaaaraataat  aenracR  aiB 
parfaraaad  bp  caatpartag  ibaaratleal  aad  ■taaarad  valaaa  far  a  tat  af 
taadaclIaB  ipbirti  aad  iaHa  teaftb  rnadanlad  cy  Ha  dart.  Aa  aa  at* 
itarita  af  tba  taaiptla  ta  aataral  tarfata.  tba  ramrtaB  atatrh  *aa 
■taaartd  far  a  tariai  af  talfi  aad  tartaaa  Haaatb  aad  raafb  tarfbcaa. 


I.  Introduction 

The  overwhelming  mijonty  of  scattering  data 
repotted  in  the  literature  for  both  distributed  and  point 
targeu  consists  of  incoherent  power  measurements  con* 
duaed  for  specific  polarization  configurations.  These 
measuremenu  were  generally  limited  to  frequencies  in  the 
microwave  range  below  30  GHz.  In  recent  years,  the 
technology  has  advanced  to  the  point  where  phase  and 
polarization  are  bei'  g  explored  mote  extensively,  and  the 
frequency  range  of  operating  radar  systenu  has  been  ex* 
tended  to  the  millimeter-wave  region.  Early  work  by  Sin* 
clair  [I],  Kennaugh  (2).  and  Oeschampt  (3]  showed  that 
scanenng  from  a  radar  target  can  be  described  in  terms  of 
a  complex  scanenng  mainx.  The  scanering  matrix  trans¬ 
forms  (he  incident  field  into  a  scattered  field  and  com¬ 
pletely  charactenzes  scanenng  from  the  target.  Most  of 
the  early  work  relating  to  the  scattering  matnx  concen¬ 
trated  on  point  urgets.  An  extensive  reference  list  for  the 
work  in  this  area  is  given  in  the  papers  by  Huyneo  (4|  and 
Guili  (5}.  Recent  interest  in  iu  a^icatioo  to  remote  sens¬ 
ing  has  led  to  the  development  of  polanmeier  SAR  sys¬ 
tems,  and  quzsi-caiibnted  polarimetnc  dau  have  bMn 
obuined  by  the  NAiA/JPL  Z-baad  SAR  for  a  vtnety  of 
terrain  surfaces  [6],  [7].  However,  veiy  little  work  has 
been  conducted  in  measurini  and  charactenzing  the  scat* 
tenng  matnees  of  distributed  urgeu  using  calibrated  po- 
lanmetnc.scatterometers.  This  is  paniculariy  the  case  at 
millimeter  wavelengths. 

MinuKnpt  mtiyca  Mirth  21.  1411.  rrviMu  Mty  12.  iVft  Thii  *oit 
•  11  lupponcd  by  ibt  U  S  Army  RcMtith  Offlet  undtrCoMiaci  OaaCII- 
I)  K  0220 

Th(  luihon  art  «iih  ih<  Ridii:ion  Labomory  OepartmaM  of  Elatincil 
EA|if)Mnn|.  and  Compgitr  ScitrKC.  Tha  Umvariiiy  of  Michi|aa.  Ann  Ar¬ 
bor  Ml  41104  2122 
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This  paper  will  describe  a  technique  developed  at  the 
Univenity  of  Michigan  to  measure  the  scanenng  matnx 
of  both  distnbuted  and  point  urgets  at  millimeter  wave¬ 
lengths.  The  technique  uses  the  millimeter- wave  polar- 
imeter  (MMP).  which  is  a  coherent  scanerometer  devel¬ 
oped  to  operate  both  in  a  laboratory  sening  and  from  a 
truck-mounted  boom  [8],  [9].  With  such  a  system,  dau 
can  be  produced  under  laboratory  and  natural  conditions 
to  faciliute  the  modeling  of  millimeter-wave  scanenng 
from  natural  targets. 

II.  Measurement  System 

The  MMP  system  shown  in  Fig.  I  consists  of  an  HP 
8S10A  vector  network  analyzer,  transmtner  and  receiver 
secuons,  and  signal  processing  and  recording  equipment. 
The  transmitter  section  produces  a  34-36  GHz  frequency 
swept  RF  signal  by  upconverting  a  2-4  GHz  signal  sup¬ 
plied  by  the  HP  83SOB  sweeper.  A  sample  of  the  trans¬ 
mitted  signal  is  harmonically  downconvened  and  applied 
to  the  0)  pon  of  the  HP  8311 A  frequency  convener  as  a 
reference.  A  similar  downconversion  suge  is  used  m  the 
receiver  section  mounted  directly  below  the  transmitter. 
The  receiver  supplies  both  vertical  and  honzonul  com¬ 
ponents  of  the  leturaed  signal.  The  vertical  and  honzonul 
componeou  from  the  receiver  arc  then  applied  to  the  6, 
and  6]  ports  of  the  HP  85 11  A.  respectively.  A  Faraday 
rouuon  polarizer  is  used  to  provide  the  desired  polanza- 
uon  for  UBumiuion. 

Aa  anechoic  chamber  with  a  urget  mount  was  used  for 
conducting  the  calibration  lesu  and  for  measunng  the 
scattenag  matnees  of  small  urgeu.  The  urget  mount, 
shown  in  Fig.  2,  wu  a  large  diameter  circular  wooden 
frame  with  a  concentnr  inner  nng  ( l-m  diameter  i  that 
allowed  varutjon  of  the  urget  onenution  angle  Mono¬ 
filament  line  wu  used  to  suspend  the  urgtt  wuhin  the 
circular  frame.  Based  on  the  3.4*  half-power  beamwidths 
of  the  tnteniua,  the  6-dB  illuminated  area  at  a  3-m  urget 
range  is  about  0.3  m  in  diameter,  placing  the  illumination 
well  within  the  diameter  of  the  urget  mount  frame  The 
urget  mount  had  both  elevation  and  azimuth  control  to 
allow  accurate  urget  positioning.  The  measured  noise- 
fioor  of  the  small  urget  measurement  conlisuration  cor¬ 
responded  to  a  radar  cross  section  cf  a  •  -40  dBm*  for 
co-polarued  return  and  a  ■  -30  dBm'  for  cross  polar¬ 
ized  return. 

Backscatter  meaiuremenu  made  for  disinbji.-d  -ur 
faces  (und  snd  rocks)  were  conducted  m  the  Uh.-rji.'o. . 
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Fi|  I  Block  duirun  of  the  MMB  lyttcm  opcntmi  ut  the  backicaiur 
mode. 


Fi|.  2.  Ttifft  moMH  6mpa4  w  tllow  bodi  unaHik.  claviuoo,  lad  on- 

ewauea  ia|la  ad)a«aiaai. 


Fig  J  Dmnbaiad  lurfKC  coaK|uniioo 

but  Without  an  anechoic  chamber  (see  Fig.  3).  The  mea-  III.  Measii»ement  Pboceduibe  and  Calibration 
surement  tyttem  has  a  range  resolution  of  about  10  cm. 

so  reflections  from  urgets  other  than  the  one  being  mea-  Using  the  HP  8510A  vector  networt  analyzer  sysifrr 
sured  were  simply  gated  out.  The  noise-equivalent  back-  as  the  IF  processor  provides  the  user  with  several  leaiuri;- 
Kattenng  coefficient  (<r®)  ♦'or  the  surface  measurement  that  can  be  used  to  improve  the  iccuncy  of  the  measure 
configuration  was  less  than  -3.5  dB.  ment  Complea  math  operations  are  available  and  .an  -e 
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used  to  subtract  out  the  response  of  the  chamber  and  any 
ou'.er  spunous  but  systematic  errors.  In  addition,  an  in¬ 
ternal  real-time  FFT  processor  is  available  to  transform 
the  frequency  swept  da'a  to  the  time  domain.  Time-gating 
can  then  be  used  to  select  the  urget  response  and  reduce 
spurious  signals  at  ranges  different  from  that  correspond¬ 
ing  to  the  target.  The  gated  frequency  response  can  be 
obtained  by  Fourier  transforming  the  time-gated  re¬ 
sponse.  Another  important  feature  of  the  HP  85IOA  is  its 
averaging  capability.  Averaging  of  the  returned  signal  re¬ 
duces  the  system  noise  floor  proportional  to  the  square 
root  of  the  averaging  factor. 

To  make  a  measurement  of  a  particular  urget.  the  time 
domain  response  of  the  target  is  displayed  to  allow  the 
time-gate  to  be  set  for  the  proper  urget  range.  The  time¬ 
gated  frequency  response  for  both  the  background  and  the 
urget^ackground  combination  are  then  stored  for  all  po¬ 
larization  combinations.  The  tnce  math  feanire  of  the  HP 
8510A  is  now  used  to  subtract  the  gated  frequency  re¬ 
sponse  of  the  chamber  from  that  of  the  taiget/background 
combination,  resulting  in  the  frequency  response  for  the 
urget  alone.  To  calibrau  the  system,  a  urget  of  known 
radar  cross  section  is  measured  in  the  same  manner^ 
thereby  allowing  the  nugnitude  and  relative  phase  of  the 
scattered  fields  to  be  deurmined. 

The  procedure  just  described  can  also  t<  implemented 
by  using  the  internal  calibration  capabilities  of  the  riP 
8S10A  and  an  external  cenuoUer  (10].  The  same  error 
models  developed  for  making  network  measurtmenu  may 
also  be  used  tw  perform  the  error  correaion  required  for 
radar  cTou-section  rneasuremeiKi.  The  errors  in  the  mea- 
<ured  frequency  response  of  a  given  ui  get  can  be  modeled 
as  a  response  error  £«(/).  which  causes  an  error  in  the 
magnitude  and  phase  of  the  meuuted  signal,  and  an  iso¬ 
lation  error  £,(  f ),  which  causes  an  error  signal  to  arrive 
in  parallel  with  the  urget  signal.  The  response  error  is  the 
gain  and  phase  offset  difference  between  the  measurement 
and  reference  channels,  and  the  isolation  emr  is  the  re¬ 
sponse  of  the  measuremeat  conflguratioo  without  the 
presence  of  the  urget.  The  isolaiioe  error  contains  the 
response  of  the  chamber  and  target  mount.  The  voluge 
Vmif)  measured  relauvc  to  the  reference  channel  voluge 
IS  given  by 

»'.(/) -r(/)fi(/)*^£i(/)  (I) 

where  ff  /)  is  the  actual  urget  response.  By  racasunng 
the  frequency  response  of  a  koown  urgrt.  then  the  back¬ 
ground  with  the  urget  removed,  both  the  response  and 
isolation  enon  can  be  deurmined  end  used  in  tlu  uunui 
HP  8310  one-port  error  correction  procedure.  The  inur- 
nal  calibration  method  wu  preferred,  since  it  overcomes 
some  of  the  limiutiont  of  the  trace  math  approach. 

This  calibration  procedure  can  be  used  for  meuure- 
menu  of  both  point  urgeu  and  distnbuted  urgeu.  How¬ 
ever.  additional  proceuir.g  must  be  performed  if  the  un¬ 
known  urget  IS  at  a  different  range  than  the  calibration 
urget.  The  magmtude  of  the  measurement  must  be  Kalcd 
by  the  ratio  of  the  range  dependence  between  the  mea¬ 


surement  and  the  calibration.  The  relative  phase,  how¬ 
ever,  IS  unaffected. 


rv.  The  ScATTEiuNC  MAraix 


For  plane-wave  incidence  upon  a  urget  located  at  the 
origin  and  observed  at  a  disunce  r.  the  vertical  and  hor¬ 
izontal  componenu  of  the  incident  and  scattered  electnc 
fields  are  related  by  the  scattering  matrix  (5  ]  of  the  urget 


£;■ 

S..1 

\E\ 

-£l. 

V4»r^ 

-Sui 

lev 

where  [  S  ]  is  defined  by 

(SI  - 


(3) 


and  k  is  the  wavenumber  in  free  space.  Using  the  relation 
between  the  elemenu  of  [  5 1  and  their  corTesp«?r.ding  ra¬ 
dar  cross  seaions.  namely 

-  |s„|’  (4) 


where  the  subscripts  r  and  r  denote  the  receive  and  trans¬ 
mit  polarizations,  the  scactenng  matnx  [5  ]  can  be  wntten 

u 


[S] 


-  V 


(5) 


We  iuve  factored  out  the  phase  of  the  5^  term  since  we 
will  only  be  able  to  measure  relative  phase.  In  this  form, 
the  scaneriai  matrix  can  be  determined  from  quantities 
that  are  independent  of  range. 


V.  RCS  poa  A  Finite-Lencth  Conducting  Cylinde* 

To  calibrate  the  MMP  for  scattering  matnx  measure- 
menu.  the  seven  lodcpendeat  quanuties  of  ( S  ]  must  be 
measured  for  a  known  urget.  One  urget  that  was  found 
to  work  well  for  calibrauon  is  a  Unite-length  conducting 
cylinder.  First,  consider  an  infinite  conducting  cylinder 
onented  relative  to  the  radar  u  in  Fig.  4.  Two  coordinate 
systems  are  defloed,  pnmed  and  unpnmed  The  pnmed 
coordinates  are  local  to  the  cylinder  with  the  axis  along 
the  axis  of  the  cylinder.  The  unpnmed  coordinates  are 
Axed  relauve  to  the  radar.  The  bisutic  angle  between  the 
transmitter  and  receiver  is  about  3.4*.  which  is  suth- 
cicnily  small  to  assume  that  the  measured  cross  section 
lepresenu  the  backscattcred  case.  The  urget  was  located 
at  a  disunce  of  3  m.  which  is  slightly  less  than  the  2D‘  X 
far-Beld  disunce  of  3.4  m. 

For  a  verucally  potarued  incident  wave,  the  electnc 
field  is 

(6) 

where  an  e  time  dependence  has  been  assumed  and 
suppressed.  In  terms  of  the  pnmed  coordinates,  the  inci¬ 
dent  electnc  field  is 


E'  ■  (f '  cos  8  -  y  '  sin  *' 
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Fi|.  4.  Rtdar  laomtuy  itUtivt  (o  th«  ur|«t;  (i)  ndar  laoinctTy  and  (b) 
ur|«  teonmiy. 

The  fir-zoiM  beckscanered  electric  field  due  to  thii  exci- 
utioo  for  an  infinite  conducting  cylinder  with  radius  o  H  U 
pp.  267-273]  i?  jivcc  by 


In  this  case,  the  complex  coefficients  Cm  are 

CM-»ia^fi  S  (-1)*C™ 

-cos^fi  E  (-l)*c"  (16) 

Cm -Cm.  (17) 

The  scattering  width  for  the  infinite  cylinder  is  defined 


a‘„  a  2t  lim  p 


P  a  where  the  subscripts  r  and  t  are  the  receive  and  transmit 

"£•  m  L~- f  II**  •<•/*»  y'sind  E  (-I)*Cj*  polarizations,  respectively.  Using  this  definition,  die  scat- 
\  L  A  >  -  •  *  teting  widths  for  the  infinite  conducting  cylinder  are 


root 9  E  (-i)*c~ 

••  •• 


j  |c^|* 


where 


A(*a) 


-  c". 


aS,- jICmI*  -«U 
»Sr  -  jICmI*. 


*  ^  '  The  relative  phases  of  the  hv,  vh,  and  vv  scattereo  fields 

In  terms  of  the  original  unprimed  coordinates,  (he  back-  ue 


‘“''('/‘’'(Kw  +  JCm).  (II) 


The  complex  coeffleiena  and  Cm  en  (UnctioQS  of  (he 
onenution  angle  9  and  can  te  written  u 

Cm  -cos'*  E  (-I)'C~ 

•  •  -i* 

-Sin*#  E  (-l)'cr  (12) 


Lr«(Cm/Cm)J 

^  “  Ir*(Cm/Cm)J 


For  cylinder  lengths  much  larger  than  a  wavelength,  the 
radar  emu  lectioe  e,  can  be  wrrtten  in  terms  of  the  scat¬ 
tering  width  of  the  infinite  cylinder  with  the  same  diam¬ 
eter  (H.PP-  302-303] 


where  t  is  the  length  of  the  cylinder.  The  relative  phases 
for  the  finite-length  cylinder  at  normal  incidence  were  as¬ 
sumed  to  be  the  sune  u  thou  for  the  infinite  cylinder. 
Using  theu  expmuions  in  (3).  we  can  readily  compute 
the  sccficring  metrix  for  the  finite  cylinder  venus  the  ro- 
(13)  labon  angle# 


r  •  for  the  nnite-length  cylinder  at  normal  incioence  wen 

Cm -cos#  sin#  E  (-l)*C^  sumed  to  be  the  stjne  u  thou  for  the  infinite  cyliiv 

L*”'*-  Using  theu  expmuiotss  in  (3).  we  can  readily  com] 

•  1  the  sccficring  metrix  for  the  finite  cylinder  venus  the 

4- ^  (-I)*Cl’^J.  (13)  labon  angle# 

Similarly,  for  a  horizontally  polanzed  iiKideiM  wave.  Isi«^c— K*»l* 
le  incident  and  backscanered  electric  fields  are  ‘  Tr  LK**k''*“**“'  ICmI'"*”***' 


I  ,  With  Cm.  C»,  -  C*.  Cm. 

"  ^J~r  r"*'""*”  (Kw  ♦  fC^)  (15)  >>2)-  03).  (16).  (22).  i 

N”'*  spectively. 


A  ~  0»«.  and 
and  (23).  re- 
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VI.  Measurement  Results  for  Small  Targets 

Three  types  of  sntall  urseu  were  measured:  conducting 
spheres,  conducting  cylinden.  and  natural  evergreen 
twigs.  A  photograph  of  these  targets  is  shown  in  Fig.  5. 
Radar  cross-section  measurements  were  first  conducted  for 
eight  conducting  spheres  ranging  in  diameter  from  0.787 
to  6.3S  cm.  One  of  the  spheres  (d  «  6.33  cm)  was  used 
for  calibration,  and  the  measured  normalized  cross  sec¬ 
tions  of  the  others  were  compared  to  Mie  calculations. 
The  results,  displayed  in  Fig.  6,  show  very  good  agree¬ 
ment  for  all  spheres.  It  is  worth  noting  that  the  measure- 
menu  covered  a  wide  dvnamic  range  for  a,  extending  from 
-*5.7  to  -23.2  dBinv  The  rms  error  of  the  diffeience 
between  the  calculated  and  measured  values  of  a  was  U.7 
dB. 

A  conducting  sphere  is  a  convenient  urget  to  use  for 
evaluating  the  linearity  of  the  measurement  system:  it  has 
geometrical  symmetry  and  <r  can  be  computed  exactly. 
However,  a  sphere  cannot  be  used  to  calibrate  the  cross- 
polarized  ( hv  and  t'h )  channels  of  the  measurement  sys¬ 
tem.  Instead,  a  dihedral  comer  reflector  rruy  be  us^. 
When  the  axis  of  the  dihedral  is  routed  by  an  angle  9  in 
the  y  -  ;  plane  (as  in  Fig.  4(b)  with  the  cylinder  repre¬ 
senting  the  common  axis  of  the  dihedral  reflector),  the 
scattering  matrix  conuins  nonzero  terms  fur  hv  and  vh 
1121 


(J1 


dVaoh 

X 


-cos  2B 
.  sin  2t 


sin  20' 
cos  20. 


(26) 


where  d  and  h  are  the  dimensions  of  a  single  plane  of  the 
dihedral.  The  elements  of  (5]  measured  for  the  dihedral 
were  found  to  be  differert  from  those  calculated  on  the 
basis  of  (26)  by  several  'lecibels.  This  wu  snributed  to 
scattering  contnbutions  f.om  the  unbeveled  edges  of  the 
dihedral  planes  and  to  the  v’ifficulty  of  prsiiiooiof  the  di¬ 
hedral  relative  to  the  radar. 

A  conducting  cylinder  is  an  alternate  target  for  cali¬ 
brating  the  amplitude  and  relative  phase  of  the  hv  and  vh 
channels  of  the  measurement  system,  (u  scattering  matrix 
was  denved  in  Sectioa  (V  and  is  given  by  (23).  First,  the 
error  coefficienu  were  computed  by  measunng  the  .mpli- 
tude  and  phase  of  the  becltscaner.d  signal  u  a  futxtion 
of  frequency  for  all  Ibv  linear  polarizatioa  coaflguntions 
with  the  conducting  cylinder  oriented  at  f  ■  43*.  The 
cylinder  wu  7.62  cm  in  length  (£/X  •  S.89)and0.ll6S 
cm  in  diam^'er  (Zn/X  •  0.273).  Then,  the  system  pcr- 
formaiKe  wu  evaluated  at  other  values  of  f  by  comparing 
the  amplitudes  of  9**.  and  o„,  and  the  triaiive  phases 
and  dw  -  '*'>th  the  values  computed  using 

the  theoretical  expreuiou  given  in  Section  IV.  The  re- 
sulu  presented  in  Fig.  7  show  excellent  agreement  be¬ 
tween  theory  and  experiment.  Sinulv  tesu  were  con¬ 
ducted  for  several  other  conducting  cylinders,  all  7  62  cm 
in  length,  but  with  diameters  ranging  from  0.0333  to 
0.937  cm.  The  resulu  were  equally  good  in  all  cases  Fig 
8  shows  the  resulu  for  a  cylinder  with  a  diameter  of 
0.3175  cm. 


Fif.  S.  Tusm  mMsund  iwta^  tS*  tnall  atfn  nnMftinrai  co«S|«fa- 
tioa. 


1*1  tfiMfn. 


Based  on  the  preceding  anilytu.  the  standard  deviation 
characterizing  the  meuuremen:  precuion  of  the  MMP  for 
ail  channels  wu  computed  to  be  about  0.9  dB  for  ampli¬ 
tude  and  8.6*  for  phase.  This  precision  reflecu  the  error 
in  posiuoning  the  target  u  well  u  the  error  introduced  by 
the  meuurtmem  system.  The  positionirg  error  wu  found 
10  be  the  most  iigniflcant.  Notice  in  Fig.  7(b)  for  the 
0. 1 168-cm  diameter  cylinder  chat  over  the  range  0*  s  9 
s  90*.  the  measured  phase  flu  the  theoretical  very 
closely.  Since  calibritioa  wu  made  with  the  same  cylin¬ 
der  at  8  *  43*.  the  positioniog  error  is  minimized.  Based 
01  an  FJialysis  of  this  regioa,  the  precision  of  the  mea- 
suN'ment  system  without  posiuoning  error  is  on  the  order 
of  0  3  dB  for  amplitude  and  2.5*  for  phase. 

Next,  scaiienag  matrix  meuuremenu  were  conducted 
on  three  small  twigs  at  onenuuon  angles  of  8  *  0* . 
-43*.  and  -90*  where  9  u  defined  u  in  Fig  4(b)  with 
the  stem  of  the  twig  along  the  t'  axis.  The  twigs  were 
shown  in  Fig.  3,  and  we  will  refer  to  them  as  (from  left 
to  nghi)  twigs  A,  B,  and  C.  Nouce  that  twig  c'  has  an 
uymmetnc  shape  with  the  needles  connected  to  tne 


A  U 


branch  ar  ibc«j*  9  ^5*  aegto.  Aa  an  caampla  of  the  reauitt. 
letusexanuoetwtgCaianoncauboaaiiflooff  a  ~4S*, 
with  ita  flcodlea  oriented  below  the  branch  ai  an  angle  of 
g  •  0*.  The  measured  scattering  matrix  for  this  config* 
uracion  wu 

_rO.OI78  0.00902  e''"n 

[o.Ol5de‘'”’*  0.0220/-" ”*J' 

The  difference  between  the  amplitudes  of  Sk,  and  5^  is 
within  the  measurement  precision  for  a  signal -to-back* 
ground  ratio  of  9  1  dB  (13).  where  we  have  uken  the 
background  to  be  9  ■  -  SO  dBm’  and  die  urget  level  10 


be  Nobce  also  that  the  w  and  hA  returns  from  the 
twig  eaacaxiaUy  in  phase,  but  the  crou-polanxed  hi* 
and  vk  returns  are  thifM  in  phaM  to  approximately  160* 
relative  to  the  co'potarized  return. 

Once  the  acaoeriog  matrix  of  the  target  is  known,  the 
scattering  crow  aectioa  can  be  tyntbesized  for  any  com- 
binaucsi  of  transmit  and  receive  potariuocn.  In  general, 
aa  ellipbcally  polarized  wave  can  be  defined  in  terms  of 
two  angles.  \/>  and  Xi  shown  in  Fig.  9.  The  angle  li'  is 
the  orienution  angle  of  the  ellif^,  and  the  angle  t  'he 
ellipocity.  Notice  that  ili  -  90*  -  9  The  normalized  cmss 
secuon  can  now  be  displayed  at  a  function  of  polanimon 
in  a  plot  called  the  polanzatioii  signature  that  was  mim 
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I3S*  If  ■  -45*).  It)  co-poUniof  ti 


nooo  «i«io  of  f  « 
I  (B)  cra«-fotarua4 


duced  by  Zebker  et  ai  (6)  tod  vta  Zyl  rf  al.  (T]-  The  co* 
polahied  and  cross-polanzed  signatures  for  twig  C.  based 
on  the  scanering  mama  given  in  (27),  are  shown  in  Fig. 
lO.  Linear  polarizations  are  located  on  the  line  x  *  0*< 


with  vv  polarization  at  ^  *  90”  and  hh  polanzatton  at  ^ 
a  0*.  IM*.  Ri^ht-  and  left-handed  circular  polanzaiions 
are  located  along  the  lines  x  ■  “45*  and  x  •  45”.  re¬ 
spectively.  For  twig  C.  we  see  that  the  co-polanzed  sig¬ 
nature  has  a  maximum  at  ^  •  130”  (6  -  -40” )  indicat¬ 
ing  that  the  backscatter  from  the  branch  is  dominating  the 
return  from  the  needles. 


VII.  Measurement  Results  for  DtSTtuauTEO 
Target? 

In  the  second  phase  of  this  study,  we  examined  scatrer¬ 
ing  from  distributed  targeu.  For  distributed  surfaces,  we 
can  define  the  differential  scanenng  matnx  [  5*^  ]  as 


(SO) 


'j 


(28) 


where  ff?,  is  the  differential  scattering  coefficient  of  the 
surface  for  rr  polarization.  For  the  configuration  previ* 
ously  shown  in  Fig.  3,  the  received  power  for  n  polan- 
zation  is  given  by 


- 


(4r) 


(29) 


where  P,  is  the  transmit  power.  Go  and  Co,  are  the  gains 
of  the  receive  and  transmi*  antennas  along  their  respective 
boreaight  directions.  g,(d,)  and  f,(9,)  are  the  normalized 
gains  of  the  receive  and  transmit  antennas  as  a  function 
of  the  sntlea  $,  and  i,  relative  to  boresight.  R  is  the  range 
to  a  given  point  on  the  surfKe,  and  d  is  the  area  of  illu- 
minaiaon.  The  tnuumit  and  receive  antennas  had  circular 
beans,  both  with  a  half-power  beamwidth  of  3.4*.  allow¬ 
ing  e*  to  be  treated  u  constant  over  such  a  narrow  an¬ 
gular  range.  With  this  assumptioa,  (29)  can  be  written  as 

P„-f^^^%^»?,/{h.9o)  (30) 

L  (4»)  J 

where  /(A,  #o)  is  the  illumination  integral 


/(*.M  - 


(31) 


at  height  A  and  incidence  angle  do-  The  quantity 

inside  the  square  bracket  in  (30)  is  determined  from  the 
cooductiai  cylinder  calibration  described  in  Secuon  III. 
and  the  ilhuninatioQ  integral  is  computed  from  knowledge 
of  the  patterns  and  the  illumination  geometry. 

Hence,  e*  can  be  determined  from  the  measured  power 
P„.  The  relative  phases  ~  dM.  4^  -  d**.  and  d„  - 
doB  are  measured  directly  by  referencing  the  phase  of  the 
respective  signal  to  dk*. 

The  differential  scaneiiog  matrix  (5°)  was  measured 
for  three  surfaces;  a  rock  surface,  a  visually  smooth  sand 
surface,  and  a  visually  rough  sand  surface,  all  at  an  inci¬ 
dence  angle  of  64*  relative  to  normal  incidence  The  range 
to  the  center  of  the  illuminated  cell  was  4  2  m.  whKh  i^ 
slightly  shorter  than  the  3.4-m  far-held  disunce  t'-ir  the 
antenna.  The  illuminated  cell  wu  approtimatelv  cm 
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long  in  the  range  direction  and  23  cm  wide  in  (he  azimuth 
direction.  The  platfonn  used  for  containing  the  target  ma¬ 
terial  (sand  and  rocks)  consisted  of  a  square  wooden  box 
1.7  m  on  a  side.  Prior  to  conducting  the  measurements, 
the  radar  was  positioned  directly  above  the  box  at  a  height 
of  4  m.  The  backscattered  signal  at  normal  incideiKe  was 
(hen  measured  for  a  layer  of  sand  as  a  function  of  layer 
depth.  This  test  was  conducted  to  determine  the  penetra¬ 
tion  depth  of  the  sand  medium,  and  thus  establish  the 
depth  necessary  for  the  urget  to  appear  semi-infinite  a:  33 
GHz.  The  penetration  depth  of  dry  sand  was  found  to  be 
around  7.3  cm.  For  the  measurements  reported  in  this 
study,  the  box  was  filled  with  the  sand  or  rock  matenai  to 
a  depth  of  10  cm,  which  insures  that  the  backscatter  con- 
tnbution  from  the  base  of  the  box  is  at  least  30  dfi  lower 
than  that  from  the  urget  surface.  The  target  platform  wu 
placed  on  a  rouuble  positioner,  which  allowed  die  ac¬ 
quisition  of  dau  from  spatially  independent  footpnnu  by 
routing  the  platform  in  discreu  steps  over  a  full  circle.  A 
total  of  100  spatially  independent  samples  were  taken  for 
each  surface  urget.  Fig.  1 1  shows  the  three  surfaces  with 
the  urget  piaifcrm  that  was  used. 

The  distnbutions  of  for  the  rock  surface  at  hh,  Hv, 
and  vv  polarizations  are  shown  in  Fig.  12.  and  the  phase 
distnbutions  of  hv  and  vv  relative  to  hA  ate  shown  in  Fig. 
13.  For  all  targeu  and  polarizations,  the  staodard  devia- 
tion-to-mean  ratio  of  o”  wu  about  1,  which  is  u  expected 
for  Rayleigh  fading.  This  means  that  the  standaid  devia¬ 
tion  assocuted  with  the  mean  values  of  the  disthbutwes 
given  in  Fig.  12  is  tO.4  dB.  The  mean  valiM  of 
0.3  dB  higher  than  the  mean  value  ofe^  4iid  7.7  dB  higher 
than  the  mean  value  of  vl,.  The  distributioa  of  -  du 
was  approximately  uniform  between  -180*  and  180* 
while  the  distnbution  of  gsussian-lika  with 

a  mean  value  of  8.48*  and  a  standard  deviatioo  of  63.3*. 

The  resulu  obuined  for  the  smooth  sand  surface  and 
(he  rough  sand  surface  wt  .a  significantly  lower  in  level 
than  (hose  for  the  rocks,  and  the  dififereoces  ^  •ad 
a%  -  0°,  were  larger  than  those  for  rocks  (see  Table  I). 
However,  the  shapes  of  the  and  relative  phase  distri¬ 
butions  were  very  similar.  The  distributiotii  of  -  dM 
for  the  three  surfaces  differ  only  with  respect  to  their  mean 
values,  which  are  shown  in  Table  0.  For  the  rough  send 
surface,  the  mean  of  the  distributioa  for  4,,  -  du  *•• 
-30.31*  (see  Fig.  14),  which  is  a  significant  shift  firem 
0*  based  on  the  sundaid  error  a/sN  ■  7*  for  the  three 
surfaces.  For  all  three  distributed  urgcu,  the  distributioo 
of  d*v  ~  dAA  was  approximately  uniform  between  -180* 
and  180*.  and  the  standard  deviation  wu  between  106* 
and  1 10*.  Fora  uniform  phase  distribution,  the  calculated 
sundard  deviation  is  104*. 

Fig.  13  shows  the  co-polarized  and  crou-polarized  sig¬ 
natures  for  the  rocks,  rough  sand,  and  smooth  sand  sur¬ 
faces.  These  signatures  were  obuined  by  converting  each 
of  ihe  too  scaitenng  mainx  samples  lo  a  Stokes  matrix 
tor  Stokes  scittenng  operator),  and  then  computing  the 
average  Siokes  matnx  representing  the  urget.  For  the  rock 
surface,  the  co-polanzed  signature  shown  in  Fig.  13(a) 


Fif.  It.  Saifm  RURWirRa  uMaf  dw  aiitnbuMd  lurftc*  mcuurtmcRi 
coal|«fi(io«;  (t)  rocks,  (b)  roii|li  uAd.  and  (Cl  tmowh  und 


hu  a  nuximum  at  the  linear  polarizations  (x  *  0* )  with 
9^  only  0.4  dB  higher  than  u  predicted  by  the  mean 
values  in  Table  I.  The  minimum  in  the  co-polanzed  sig¬ 
nature  occurs  at  the  circular  polarizations  ( x  *  ±43° ) 
The  cross-polarized  signature  in  Fig.  13(b)  has  a  mini¬ 
mum  at  the  linear  polarizations  and  a  maximum  at  circu 
lar  This  type  of  polarization  signature  is  charactenstic  o' 
specular  reflection  from  a  smooth  dielecinc  surface  at 
normal  incidence  (7].  The  rock  surface  is  not  snuxith.  but 
(he  scaner.ng  is  dominated  by  specular  reflection  from 
smooth  facets  where  the  local  surface  normal  is  oneniej 
toward  the  radar. 

The  smooth  sand  surface  and  the  rough  sand  Nun.^e 
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(A)  «*»,  (A) 

(1)  («) 


(c) 

Pta.  12.  CWHb—in  tor  •*  for  dM  rack  rorfoeo:  (•)  rL.  (^>  (O 


h«ve  poUruatioo-tifdidtitt  limiUr  to  tfa*  rock  isufac*. 
For  both  uad  turfKM,  However,  dte  aonaalixed  co-po- 
lahzed  9^  is  nuxinuun  tl  tv  poltrixstioa.  Sioca  tbe  po> 
Isruation  ti|nsture  is  u  svertfe  power  representstioo  of 
(he  target,  the  difference  between  w  and  hh  is  equal  to 
(he  difference  in  (he  mead  values  u  given  in  Table  n.  la 
contrast  to  the  rock  surface,  tbe  tmnioia  (mauma)  for  the 
co-polarized  (crou-polarixed)  signature  are  at  elliptical 
polarizations  instead  of  circular.  Notice  that  the  maxi¬ 
mum  (minimum)  e°  for  each  value  of  d*  in  the  co-polar- 
ized  (cross-polarued)  signature  does  not  follow  the  x  " 
0*  line  as  with  the  tock  surface.  In  fact,  when  the  ellip- 


ticity  X  for  e*  is  piooed  u  a  function  of  the 

orientatioo  angle  d'  as  in  Pig.  16,  we  6nd  that  even  the 
rock  surfKe  exhibits  this  effect  to  a  small  degree.  This 
curvature  in  the  polarizatioo  signature  anses  si  least  in 
part  from  the  mean  phase  shift  between  and  5aa 
The  polarization  signatures  fc/r  ail  three  surfaces  show 
(he  presence  of  an  unpolarizsd  component  of  the  scattered 
field  in  the  form  of  a  pedeml  (nonzero  minimum  level), 
which  is  approximately  the  same  for  all  surfaces  The 
pedestal  can  arise  irom  various  effecu,  including  multiple 
scattering,  which  is  probably  a  significant  mechanism  at 
33  GKz  for  all  three  surfaces  measured. 
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The  results  presented  in  this  paper  satisfy  the  flnt  phase 
of  a  two-phase  expenmeni.  The  ability  of  the  MMP  to 
measure  the  complete  scattenng  matrix  of  bo'Ji  distnbuted 
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and  point  scatteren  haa  been  demonstrated.  The  ampli¬ 
tude  and  phaac  measurement  precisions  were  found  to  be 
0.3  dB  and  2.5*,  respectively,  over  the  range  of  cylinders 
measured.  The  noise  level  of  the  system  corresponds  to  a 
radar  crou  section  on  the  order  of  -40  dBm^  for  co-po- 
larized  signals  and  -SO  dBm’  for  cross-polarized  signals. 
These  levels  are  realized  by  the  ability  of  the  network  ana¬ 
lyzer  to  subtract  out  the  effecu  of  the  target  mount.  It  is 
estimated  that  with  a  more  carefully  developed  technique 
to  mount  small  targeu,  the  noise  level  can  be  improved 
by  at  least  10  dB.  At  the  same  time  a  new  mounting  terh 
nique  will  also  improve  the  precision  of  amplitude  and 
phase  measurements  on  uymmetric  targeu  such  u  cyl¬ 
inders  where  the  orienution  is  critical. 

The  second  phase  of  the  project  involves  measunng  the 
scattering  matrix  of  natural  targeu.  Preliminary  results  on 
a  series  of  twigs  and  three  surfaces  were  shown  in  this 
paper.  These  resulu  demo.TSirated  the  ability  of  the  MMP 
to  measure  the  complete  scanenng  matrix  for  distnbuted 
urgeu.  Now  that  the  performance  of  the  system  has  been 
demonstrated,  measurements  will  be  conducted  to  deter- 
mine  the  polanmetnc  Kattenng  behavior  for  a  vanets  oi 
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natural  urgets  including  soil  and  rock  surfaces  and  veg- 
eucion  canopies. 

The  technique  for  making  polarimetric  measurements 
described  in  this  paper  can  be  used  at  any  frequency,  pro* 
vided  the  proper  RF  equipment  is  available.  This  would 
require  a  change  in  the  transmitter  and  receiver  sections, 
but  all  other  aspecu  of  the  method  would  remain  the  same. 
Moreover,  the  technique  can  be  used  to  measure  the  po> 
larimetric  scanering  properties  of  distributed  targeu  ua* 
der  natural  conditions  using  truck-mounted  platforms.  In 
fact,  such  measuremenu  have  been  made  for  biue  ground, 
grass,  and  tree  canopies,  and  the  resulu  will  ce  reported 
in  a  forthcoming  paper. 
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Abstract  ■  The  goal  of  the  Uoiversity  of  Michigan  millimeter>wavc  radar  program  is  to 
characterize  terrain  Mattering  at  35,  94  and  140  GHz.  The  140*GHz  channel  of  a  truck* 
mounted  scatterometer  system  has  recently  been  added  to  give  t.*ie  full  desired  operating 
capability.  Two  injection*lockcd  45.33*GHs  Gunn  oscillators  use  triplets  to  supply  tbe  up- 
and  down-converters.  Full  polarization  capability  is  obuined  through  the  use  of  rotauble 
quarter- wave  plates.  Real-time  signal  processing  and  data  reduction  takes  p'.ace  in  an  HP 
8S10A  automatic  network  analyzer  on  the  truck-mounted  platform.  Samp'e  measurements  of 
millimeter-wave  radar  backscattering  from  vegetation  and  snow  art  given. 


I.  iNTRQDUCTlQN 

MiUixneter-wave  systems  offer  the  inherent  advinuges  of  high  resolution,  large  band-Aad*-*: 
and  small  antenna  si«.  In  recent  yean  significant  advances  have  been  realized  in  the  development 
of  millimeter-wave  components  for  the  construction  and  operation  of  imaging  airborne  radar 
systems  at  the  atmospheric  window  frequencies  of  35,  94,  140,  and  215  GHz-  Hence,  there  is 
much  interest  in  taeasuring  terrain  scanering  at  these  frequencies,  and  in  the  associated 
development  of  theoretical  and  empirical  scattering  oxjdels.  While  recent  work  has  been  earned  out 
at  millimeter-svtveleogths  on  trees  [11  and  snow  [2, 3],  such  data  is  still  sparce,  particvilarly  at  I'tO 
GHz. 

The  Univenity  of  Michigan  140-GH2  scattKometcr  system  is  the  latest  addition  lo  the 
network- analyzer  based  millimeter-wave  scatterotneter  system,  a  truck- mounted  full-polanzanon 
scatterometer  that  has  been  developed  in  support  of  a  program  to  charac»ize  radar  scanenrg  from 
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terrain  at  35, 94,  and  140  GHz.  Basic  operation  of  the  scanerometer  system  has  been  desenbed  in 
detail  elsewhere  [4,  5].  Conversion  from  a  swept  2  to  4  GHz  intermediate  frequency  (IF)  to  the 
millimeter-wave  RF  frequencies  is  made  in  the  front-end,  allowing  flexible  real-time  signal 
processing  by  the  remotely-located  HP  8510A  automadc  network  analyzer.  An  outline  ot  the 
system  is  given  in  Fig.  1.  An  HP  8350B  sweep  oscillator  is  swept  from  2  to  4  GHz  by  the  HP 
8510A  network  analyzer.  After  a  portion  of  this  EF  signal  is  taken  off  and  fed  to  the  ai  reference 
port  of  the  HP  8511  frequency  convener,  it  is  up-convened  within  the  140-GHz  radar  and 
transmitted  to  the  target.  The  returned  signal  is  down-convened  to  the  2  to  4  GHz  range  and  fed  to 
the  b]  port  of  the  frequency  convener.  Signal  processing  of  the  return  and  reference  signals  takes 
place  within  the  network  analyzer,  and  is  sent  on  the  HPIB  bus  to  the  HP  9920S  computer  where 
final  dau  reduction  takes  place,  and  the  results  are  printed  out  and  saved  on  disk.  The  HP  8510 
computer-control  system  allows  vector  error  correction  of  system  imperfections  through  its 
calibration  algorithms.  The  system  has  previously  operated  in  this  mode  at  35  and  94  GHz.  and  the 
140-GHz  channel  is  its  latest  extension  in  frequency  capability. 

II.  14Q-GHZ  SCATTERQMETER  DESIGN 

A  block  diagram  of  die  i40-GHz  front-exid  is  shown  in  Bg.  2.  The  transmit  portion  across 

the  top  and  the  receive  portion  across  the  boootn  ne  driven  by  a  common  local  oscillator  (LO) 

chain.  The  LO  consists  of  i  43.33  GHz  free-numing  Gunn  oscillamr,  two  circulator-coupled 

43.33  GHz  injection-locked  Gunn  oscillston  acting  u  amplifiers  and  two  third-harmonic 

frequency  multipliers.  This  combination  provides  a  nominai  output  power  of  10  dBm  from  each 

multiplier  to  power  the  ufh  and  down-converters.  Other  combinations  of  fundsmentsl  oscillators, 

amplifieTs  or  frequency  tnultiplierj  are  possible.  This  particular  combination  provided  the  best 

combination  of  performance  and  cost  Wave  polarii’  ion  is  controlled  by  s  fixed  quaner-wave  plate 

folbwed  by  a  rouubls  quarw-wave  plate.  A  90-<Jc33xc  rctaticn  of  the  movable  wave-plate  moves 

the  electric  field  vector  through  90  degrees  to  give  either  vertical  or  horizontal  polarization.  The 

polarized  signal  is  transmitted  though  a  conical  standanl-giin  hom  with  a  half-power  bcam'*idih  ot 
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11.8  degrees.  The -received  RF  signal  passes  though  a  3.0  inch  diameter  lens-corrected  horn 
antenna  with  a  half-power  beaniwidth  of  2.2  degrees.  Hence  the  antennas'  product  pattern  is 
essennaily  controlled  by  the  receive-antenna  pattern,  resulting  in  an  effecdve  beamwidth  of  2.1 
degrees.  Receive  poiarizadon  is  determined  by  oaovable  and  fixed  quarter-wave  plates,  in  the  same 
manner  as  the  transmit  secdon.  The  RF  signal  is  down-converted  using  a  tripled  4S.33  GHz  LO. 
Since  the  conversion  processes  must  be  phase-coherent,  the  up-  and  down-converter  LOs  are  each 
injection-locked  from  a  central  dual-ended  Gunn  oscillator  running  at  4S.33  GHz.  This 
arrangement  gives  a  phase-coherent  LO  of  sufficient  power  to  supply  both  up-  and  down- 
conveners. 

Ill  CALIBRATION  AND  PERFORMANCE 

For  each  data  set,  measureinent  of  a  sphere  of  known  size  and  range  is  used  to  generate  the 
401  W  and  HH  calibration  constants  for  each  of  the  401  frequencies  in  the  2  to  4  GHz  IF  band.  A 
caiibradon  target  with  known  cross-polahzadon  response  is  used  for  VH  and  HV  calibradon.  For 
an  incident  signal  consisting  of  either  pure  vertical  (or  pure  .horizontal)  poiarizadon,  a  return  signal 
oriented  at  4S  degrees  to  vertical  is  generated  by  a  calibrator  consisting  of  a  tectangular  standard- 
gain  horn  followed  by  a  38.1  cm  long  section  of  WR6  waveguide  with  a  shon  on  the  end.  This 
calibrator  is  placed  in  the  far-fleld  of  the  140*GHz  radar,  and  pointed  toward  the  radar  with  the 
rectangular  apeituie  of  the  hori  oriemed  at  43  degrees  to  horizontal.  While  a  portion  of  the  incident 
radiation  is  reflected  from  the  horn,  another  portioa  passes  from  the  horn  into  the  waveguide  and 
propagates  io  the  TEio  laode  with  the  electric  Held  in  line  with  the  shon  axis  of  the  waveguide, 
which  is  orieniDd  at  45  degrees  to  the  horizontal.  This  signal  comphscd  of  equal  amplitude  veracal 
and  horizontal  components,  is  reflected  by  the  short,  and  returns  to  the  radar.  It  can  be 
distinguished  from  the  return  from  the  horn  aperture  by  its  longer  rime  delay-  The  waveguide  and 
shon  are  encased  in  a  metal  cylinder  to  przvcnt  renim  from  the  outside  of  the  guide  and  flange  at 
the  range  of  the  shon.  Figure  3  illustrates  the  VV,  HH,  VH  and  HV  responses  of  the  cross- 
polahzaiion  calibration  target.  While  the  return  from  the  horn  is  complex,  the  letum  from  (he  shon 


A. 24 


gives  a  known  cross^laiizacion  response.  At  the  range  of  the  horn  in  Fig.  3  the  like*  and  cross- 
polarized  responses  differ  by  approximately  5  dB.  At  the  range  of  the  short,  where  for  a  perfect 
radar  all  four  responses  would  be  the  same,  ail  renims  fall  within  a  ■*'/*  1  dB  range  (within 
experimental  uncenainties).  Measurement  of  this  signal  is  to  generate  the  401  cross- 
polarizadon  calibration  constants. 

Sphere  calibradon  is  made  on  a  daily  basis,  but  the  standard-gain  horn  cross-polarizadon 
calibration  is  more  cumbersome  and  is  made  less  frequently.  Cross-polarizadon  isoladon  of  the 
system  is  typically  about  IS  dB,  and  this  is  checked  at  each  use  of  the  system  by  making  cross- 
polarizadon  measurements  of  the  sphere.  For  most  natunl  targets,  the  cross-polarized  return  at  140 
GHz  is  only  3  to  6  dB  below  the  like-polarized  reoim.  Hence  the  cross-polarizadon  isoladon  of  the 
system  is  quite  adequate  at  140  GHz.  Noise  performance  of  the  system  is  checked  after  each 
calibradon  by  making  measurements  of  the  sky  at  typical  target  ranges.  Table  I  lists  the  measured 
system  performance  parameten. 


TABLE  I 

Parameters  of  Truck*Mouiiled  Scanerometcr 


RF  Freqaeaciec 


KPBairiwktt: 

Sweep  Rmk 


US  10  140  GHz 
•  4  dBm 
0IO2.0CHZ 

1  mVbeq.,31. 101.201.401  beqVtweep 
W.VH.HV  HH 


Plofara  Heighc 
Noiji  EqoiviteM 


SubUity: 

McefwcDwm 

RepeatabiUiy: 


2.7 


Olo  70  degrees 
mmiagni.  lo  IS  meaen  max-aura 
-•20dB 
-0.2dBAour 


-IdB 
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New  Field  Distance: 
Footprint: 

Signal  Processing: 
Output  Products: 


2.7  m 

min.:  0.013  m^ 
max.:  16.S  m^ 

HPSS10A/8511Abased 

received  power  verses  range  ■  c/2B) 
received  power  verses  frequency  (x  fixed  R) 


Figure  4  illustrates  the  combined  effects  of  subility  and  repeaubility  of  calibration  of  the 
140-OHz  system  over  a  diurnal  cycle.  Repeatability  of  sphere  measurements  due  to  pointing  only 
is  typically  within  ±  0.  j  dB.  Variations  are  the  cumulative  result  of  system  gain  variations  and 
sphere  pointing  errors.  Installation  of  a  controlled  heater  on  the  triple  LO  unit  was  required  to 
achieve  the  excellent  system  stability  observed  in  Fig.  4  (4-/-  0.8  dB). 

For  most  terrain  measurements,  a  dau  set  consists  of  measurements  of  the  backscattering 
coeflicient  o**  as  a  function  of  incidence  angle  for  W,  HH,  and  VH  (or  HV)  polarizations.  The 
incidence  angle  is  set  by  an  elevation  positioner  located  at  the  top  of  the  truck-mounted  boom.  The 
target  is  scanned  in  azimuth  to  obtain  spatially  independent  samples.  For  each  polarization 
configtiradon  the  number  of  independent  samples,  including  bandwidth  avenging,  is  at  least  SO. 
which  corresponds  to  a  measurement  precision  of  about  H-  0.66  dB  [6].  Dau  is  ubulated  as  it  is 

i 

recorded  and  examined  in  real  time. 

IV.  SAMPLE  RESULTS 

Several  types  of  lenaifl  surfaces  and  covers  were  observed  by  the  140-GHz  scatterometer 
in  1988  and  1989.  Sample  lesulu  are  shown  next  for  grasses,  trees  and  snow. 

A.  Backscattef  from  CrtMea 

The  backscatter  plou  shown  in  Figs.  S  and  6  correspond  to  a  field  of  Amaranihus 
Retroflexus.  a  spiny  weed  about  30  cendmeten  tall,  commonly  known  as  Pigweed,  over  ground 
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cover  of  Stellaru  Media,  a  low  ground-hugging  weed,  commonly  known  aa  Chick  Weed.  Figure  S 
shows  the  140-GHz  backscatter  response  as  a  function  of  incidence  angle  (measured  relative  to 
normal  incidence)  for  W,  HH,  and  HV.  Throughout  this  paper  the  “receive-transmit"  convention 
is  used.  As  expected  for  such  a  medium,  volume  scattering  effects  predominate  and  the  W  and 
HH  returns  are  comparable  to  one  anothct  at  all  incidence  angles.  The  cross-polarized  return  is 
approximately  6  dB  lower  than  the  like-polarized  returns. 

Figure  6  shows  the  HH  backscaner  response  from  the  same  target  at  all  three  of  the 
scatterometer  operating  frequencies:  35, 94,  and  140  GHz.  The  target  shows  a  weak  sensidvity  to 
frequency,  exhibiting  a  maximum  spread  of  5  dB  between  the  three  curves. 

B.  Biskxatter  from  Irtts 

Figure  7  shows  140  GHz  measurements  of  the  backscatteiing  coefficient,  plotted  as  a 
function  of  irtcidence  angle,  for  a  uniform  tree  canopy  of  Thuja  Occidentads,  commonly  known  as 
Arbor  Vitae.  The  trees  were  approximately  10m  in  height  and  the  average  water  content  of  the 
needles  was  measured  to  be  56.3%.  The  Uke-polarizatioa  components  (HH  and  VV)  are 
essentially  identical  in  level  and  exhibit  an  approximately  cos  6  dependence  between  20"  and  70". 
The  HV  component,  on  the  other  hand,  increases  with  increasing  incidence  angle  and  its  level 
approaches  those  of  the  like-polarization  componems  at  7(f . 

In  a  separate  investigation,  the  backscattering  coefficient  at  35  GHz  was  observed  as  a 
function  of  over  a  tart^week  period  for  «  canopy  of  deciduous  trees  (Bur  Oaks).  The 
observadon  pthod  covered  the  aunmut  senescence  stage  during  which  the  moisture  content  of  the 
trees  decreased  The  temporal  response  of  the  backscanering  coefficient  (Hg.  8)  exhibited  a  3-d3 
change  in  level  between  October  2  and  October  4  as  the  leaves  underwent  a  rapid  change  is 
moisture  content. 

C.  Baekscatter  from  inow 
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In  Febniaiy_and  March  of  1989.  the  University  of  Michigan  millimeter- wave  system  was 
used  to  meaauie  die  backscatter  from  snow  at  a  site  near  Ann  Arbor,  Michigan.  Figures  9  and  10 
illustrate  the  angular  variadon  of  for  wet  and  dry  snow.  Figure  9  shows  the  response  of  dry, 
metamorphosed  snow  with  a  crystal  size  of  approximately  2.2  millimeters,  and  Fig.  10 
corresponds  to  fresh,  wet,  unmetanutphosed  snow,  with  crystal  size  of  approximately  1.0 
millimeter  and  a  gravimetric  water  content  of  approximately  1.9  %. 

While  the  angular  dependence  of  the  two  plots  is  similar,  uhere  is  a  4  to  S  dB  level  shift 
between  the  like-polarized  responses  of  the  dry  and  wet  snow  targets.  At  these  frequencies  snow  is 
predominantly  a  volume-scattering  medium,  and  the  presence  of  liquid  water  in  the  snow  irvvfiiim 
leads  to  increased  attenuadon  and  decreased  albedo.  For  the  dry  snow,  the  cross- polarized 
response  is  lower  than  the  like-polarized  response  by  about  4  dB.  while  for  the  wet  snow  the 
difference  in  level  is  about  6  CiB. 

Figure  1 1  shows  140  GHz  backscatter  measurements  niwir  h  tL  inck  r  ce  angle  of  40 
degrees  as  a  funcdon  of  time  over  a  12-hour  interval  extending  from  rrucn  o  nx  clnight  on  February 
27,  1989.  The  liquid  water  content  measured  with  a  fieezing  catOi  x  for  ;  c  top  5-cm  snow 
layer  and  the  air  temperature  ire  also  shown.  The  backscaaering  coei  .lent  is  cv.^^ed  to  exhibit 
a  3-dB  change  in  level  ai  around  14:30  in  response  to  the  decrease  ir  .r.’sperature  iid  liquid  water 
content.  At  140  GHz.  the  penetration  depth  is  on  the  order  of  1  c:'n,  particularly  when  the  snow  is 
wet  As  the  air  temperatun  dropa  below  0  C  the  snow  layer  stara  to  freeze  from  the  top  surface 
downward.  Hence,  altboufb  the  liquid  wacr  content  of  the  top  5-cm  layer  may  still  be  greater  than 
zero,  the  ndtr  itzponds  only  to  the  top  1-2  cm  layer  and  therefore  exhibits  a  dme  response  that 
leads  the  temporal  variadon  exhibited  by  the  measured  liquid  water  content  This  dependance  on 
penetration  depth  is  illustrated  further  by  the  dau  in  Flf.  12  which  was  measured  by  the  3S-GHz 
channel.  Because  of  the  f  xater  penetration  depth,  die  3S’GHz  system  exhibiu  a  much  more 
gradual  change  in  level  between  14:C0  hours  and  24:00  hours.  Also,  the  magnitude  of  the  change 
is  level  is  12  dB  at  35  GHz.  compared  to  only  3  dB  at  140  GHz.  At  94  GHz,  the  measured  diur-a; 
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pattern  (not  shown^xhibited  a  response  similar  to  the  35  GHz  data,  but  with  a  total  change  in 
level  of  8  dB.  This  observed  decrease  in  sensitivity  (of  the  backscattering  coefficient  to  liquid  rate 
content)  with  increasing  frequency  is  in  agreement  with  earlier  observations  reported  at  35  GHz 
and  lower  frequencies  (7.8]. 

VI.  CONCLUSIONS 

This  paper  describes  the  operation  of  a  140-GHz  scatterometer  system  with  a  measured 
accuracy  of  1  dB.  Sample  measurements  of  terrain  backscatter  at  35, 94,  and  140  GHz  are  shown 
for  grasses,  trees,  and  snow.  In  all  cases,  the  angular  dependence  is  approximately  as  cos  9.  The 
two  like*polarized  components  (HH  and  W)  exhibit  essentially  identical  levels,  and  the  cross- 
polarized  response  is  anywhere  from  1  dB  to  6  dB  below  the  like-polarized  responses,  depending 
on  target  type.  At  140  GHz,  the  backscatter  from  snow  exhibits  a  dynamic  range  of  about  3  dB,  in 
response  to  change  in  liquid  water  content 


This  woclc  was  supported  by  ARO  contract  DAAG  29>85-K4)220. 
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FIGURES 


Fig.  1  Block  diagram  of  millixneter-wave  scatterometer  system. 

Fig.  2  Block  diagram  of  14(MjHz  scatterometer  front-end. 

Fig.  3  Measured  backscatter  response  of  140-GHz  system  when  obser/ing  a  hom  antenna 
connected  to  a  shoR  throu^  a  38.1-cm  long  waveguide  section. 

Fig.  4  System  calibradon  was  established  by  measuring  system  calibradon  constant  over  a 
diurnal  cycle. 

Fig.  5  Measured  backscatter  angular  response  of  pigweed  grass  at  140  GHz. 

Fig.  6  Measured  angular  response  of  pigweed  grass  at  35,  94,  and  140  GHz  for  HH 

polarizadon. 

Rg.  7  Measured  angular  response  of  Arbor  Vitae  oees  at  140  GHz. 

Rg.  8  Two-week  tenqroral  response  of  the  35-GHz  backscatter  from  Bur  Oak  trees  at  70 
degrees. 

Rg.  9  Angular  response  of  the  backscuterfipom  dry  metamorphosed  snow  at  140  GHz. 

Rg.  10  Angular  response  of  the  backscatter  from  6esh,  wet  unmetamorphosed  snow  at  140 
GHz. 

Rg.  11  Measured  temporal  variation  of  the  14(KiHz  radar  backscatter.  air  temperature,  and 
snow  liquid  water  content  (of  the  top  5-cm  layer). 

Fig.  12  Measured  temporal  vatiatioo  of  the  35-<3Hz  radar  backscatter,  air  temperature,  and  snow 
liquid  water  conmru  (of  the  top  S<m  Uytr). 
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HPISIO  SYSTEM  BUS 


P'g- 


ttlock  diagram  of  milhmeter-wave  scatterometer  system. 
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Fig.  2  Block  diagram  of  140-CHz  scatterometer  front-end. 


STANDARD  QAM  HORN 
ORIENTED  AT  45  DEGREES  TO  VERTICAL 


Systam  Calibration  Consuni  (dB) 


4S 


40 


35 


30 


25 


System  Calibration  Constants  (Feb. 27&28, 1989) 

(Starting  10:00  A.M.  Feb.27,1989) 


a 


8 

- f" 

t - 

♦ 

► 

m 

■ 

» 

» 

- 

i4aw 

140HH 

,  , 

toil  12  13  14  19  1«  17  It  19  20  21  23  23  24  25  2S  27  28  29  30  31  32  33  34  35 


Tim*  (Howrt) 


Fig.  4  System  calibration  was  established  by  measuring  system  calibration  constant  over 
a  diurnal  cycle. 
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Fig.  5  Measured  backscatter  angular  response  of  pigweed  grass  at  140  GHz. 
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Back&caltaring  Coalliciant  (ilB) 


Fig.  b  Measured  angular  response  of  pigweed  grass  at  35,  94,  and  140  GHz  for  HH 
polarization. 


A.  37 


Backscaltefing  Co«HicMni  (dB) 
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Fig,  7  Measured  angular  response  of  Arbor  Vitae  trees  at  140  GHz 
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Bacfcscaltering  Coefticienl  (dB) 


Fig.  a  T  wo-week  temporal  response  of  the  35-CHz  backscatter  from  Bur  Oak  trees  at  TO 
degrees. 
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Fig.  9  Angular  response  of  the  backscatter  from  dry  metamorphosed  snow  at  140  GHz. 
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Fig.  10  Angular  response  of  the  backscatter  from  fresh,  wet  unmetamorphosed  snow  at 
140  GHz. 
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Fir.  11  Measured  temporal  variation  of  the  14U-Ghz  radar  backscatter,  air  temperature,  and 
snow  liquid  water  content  (of  the  top  5-cm  layer). 


illMing  Co«Mici*nl  (dS) 


Fig.  12  Measured  temporal  variation  of  the  35-CHz  radar  backscatter,  air  temperature,  and 
*nov^  liquid  water  content  (of  the  top  5-cm  layer!. 
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ABSTRACT 

The  Millimeter-Wave  Polarimeter  is  a  scatterometer 
system  that  uses  the  HP  8S10A  vector  network 
analyaer  for  coherent  processing  of  the  received  signal. 
It  operates  et  35  GHz  and  94  GHz,  and  a  third  channel 
at  140  GHz  is  to  be  added  in  1987.  The  MMP  provides 
full  polarization  and  phase  capabilities  to  allow 
measurement  of  the  complete  scattering  matrix  of  both 
distributed  and  point  targets.  This  paper  describes  the 
calibration  techniques  used  at  35  GHz  to  measure  the 
scaflering  matrix  and  presents  some  sample  data.  An 
analysis  of  the  measurement  accuracy  was  performed 
by  comparing  the  measured  vaiues  with  theoretical 
calculations  for  conducting  spheres  and  finite-length 
conducting  cyfndera.  As  an  extension  of  the  analysis 
to  natural  targets,  the  scattering  matrices  of  a  senes  of 
twigs  were  examined,  and  preliminary  results  are 
presented. 

I.  INTROOUCnON 

In  the  past,  much  of  the  scattering  data  for  both 
distributed  and  point  targets  consisted  of  incoherent 
power  measurements  for  only  a  limited  range  of 
polarizations.  Very  little  data  at  millimeter-wave 
frequencies  has  been  taken  at  all.  In  recent  years, 
however,  remote  sensing  has  developed  to  the  point 
where  phase  and  polarization  are  being  explored  more 
extensively.  Early  work  by  S'ndair,  Kennaugh,  Gent,  et 
al.  has  shown  that  a  radar  target  acu  as  a  polarization 
transformer.  The  transformation  was  expressed  by 
Sinclair  in  the  form  of  a  scattering  matrix.  An  extensive 
reference  list  for  the  wcrk  in  this  area  is  given  in  the 
papers  by  Huynen  [t]  and  Guili  [2].  Much  of  the  work 
relating  to  the  scattenng  nutrix  has  been  done  tor  point 
targets.  Recent  interest  m  its  application  to  remote 
sensing  has  grown,  but  very  little  work  has  been  done 
in  measunng  the  scattering  matnces  of  distributed 
targets.  It  is  the  purpose  of  this  paper  to  descnbe  a 
technique  to  measure  the  scattenng  matnx  of  either 
distributed  or  point  targets  at  miilimeter-wave 
frequencies.  The  technique  utilizes  the 
Millimeter-Wave  Poianmeter  (MMP),  which  is  a 


coherent  scatterometer  developed  at  the  University  of 
Michigan  [3.  4],  With  such  a  system,  a  comprehensive 
data  set  can  be  produced  to  facilitate  the  modeiimg  of 
millimeter-wave  scattering  from  natural  targets  The 
results  from  individual  target  measurements  (leaves, 
branches,  rocks,  etc.)  can  be  integrated  into  a 
comprehensive  model  for  terrain  surfaces  and 
canopies.  Additional  data  taken  for  distnbuted  targets 
(soil  surfaces,  tree  canopies,  vegetation,  etc.)  could  be 
used  to  further  improve  these  models. 

IL  MIUJMETER-WAVE  POLARIMETRY 
A.  Meamrement  Setup 

The  measurement  system  consists  of  an  HP  85 to 
vector  network  analyzer,  transmitter  and  receiver 
sectiona,  and  an  anechoic  chamber  with  a  styrotoam 
target  mount  A  block  diagram  is  shown  in  Figure  i 
The  transmitter  producea  a  34-36  GHz  frequency  swept 
RF  signal  by  upconveiting  a  2-4  GHz  signal  supplied 
by  the  network  analyzer.  A  sample  of  the  transmitted 
signal  is  harmonically  downconverted  and  applied  to 
the  a^  port  of  the  HP  65t  t  A  frequency  converter  as  a 
reference.  A  similar  downconversion  stage  is 
employed  in  the  receiver  section,  which  is  mounted 
directly  below  the  transmitter,  for  both  vertically  and 
horizontally  polarized  signals.  The  received 
V-poiarized  and  H-polarized  signals  are  then  applied 
to  the  b,  and  bj  ports  of  the  HP  85i  iA.  respectively  A 
Faraday  lotation  polarizer  is  used  to  provide  both 
polarizations  for  transmission.  A  photograph  oi  the 
measurement  setup  is  shown  m  Figure  2. 

The  target  mount  consists  of  a  styrofoam  frame  with 
the  edges  cut  at  a  variety  of  angles  to  allow  rotation  ot 
the  target  relative  to  the  radar.  The  target  is  atia’cned 
to  the  mount  with  nylon  stnng  as  shown  m  Figure  3 
where  a  cylinder  is  mounted  as  an  example  Tre 
measured  notse-Hoor  ot  the  system  corresponds  to  a 
radar  cross-section  of  approximately  -50  dBm^  ana  '-e 
radar  cross-section  of  the  target  mount  was  aete^~  -ea 
to  be  below  this  level.  The  onentation  of  t^e 
relative  to  the  radar  is  defined  m  terms  --e 
coordinate  systems  shown  m  Figures  4(a)  ano  t 
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Figurt  1 .  Block  diagram  of  tha  MMP  system  operating  m  the  bacKscatter  mode. 
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Figura  2.  Photograph  of  tha  maaturamant  systam 
oparatmg  m  tha  backscanar  moda. 

Figjira  3.  Targat  mount. 
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(b)  Targ#t  gaomttry 


Figura  4.  Gaomatry  assooatad  «vi»h  ina  target  onantation  rtiaiiva  to  itia  raaar 
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B.  Maasuremant  Pfoce<3uf9 


Using  the  HP8510  natwork  analyzer  system  as  the 
IF  processor  provides  the  user  with  several  f:atures 
that  can  be  used  to  improve  the  accuracy  of  the 
measurement.  Complex  math  operations  are  available 
and  can  be  used  to  subtract  out  the  response  of  me 
chamber  and  any  other  spunous  but  systematic  errors. 
In  addition,  an  internal  real-time  FFT  processor  is 
available  to  transform'  the  frequency  swept  data  to  the 
time  domain  where  time-gating  can  be  used  to  select 
the  target  response  and  reduce  sounous  signals  at 
ranges  different  from  that  corresponding  to  the  target. 
The  gated  frequency  response  can  oe  obtained  by 
Founer  transforming  the  time-gated  response. 

To  make  a  measurement  of  a  particular  target,  tna 
time-domain  response  of  the  target  is  displayed  to 
allow  the  time  gate  to  be  set.  The  target  iS  then 
removed  and  the  time-gated  frequency  response  of  the 
chamber  is  stored  for  all  polanzation  combinations. 
The  target  is  then  replaced  and  the  complex  math 
feature  is  used  to  subtract  the  gated  frequency 
response  of  the  chamber  from  that  of  the 
target/chamber  combination.  To  calibrate  the  system,  a 
target  of  known  radar  cross-section  is  measured  in  the 
same  manner,  thereby  allowing  the  magnitude  and 
relative  phase  of  the  scanered  fields  to  be  determined. 

III.  THE  SCATTERING  MATRIX 


We  can  define  the  scattsring  matrix  [$]  for  a  target  in 
terms  of  the  vertical  and  honzontal  components  of  the 
incident  and  scattered  eieanc  fields  by  the  following 
matnx  equation: 
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If  we  define  the  radar  cross-section  of  the  target  to  be 
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In  this  form,  the  scattering  matnx  can  be  determined 
from  quantities  that  are  independent  of  range. 


IV.  flCS  FOR  A  FINITE-LENGTH  CONDUCTING 
CYLINDER 

The  performance  of  the  system  can  be  evaluated  by 
measunng  the  scattenng  matrix  of  a  conducting 
cylinder  as  a  function  of  its  orientation  relative  to  the 
radar.  Figure  4(b)  shows  the  geometry  associated  with 
the  ohentation  of  the  cylinder.  Two  coordinate  systems 
are  defined:  the  unpnmed  coordinates  are  fixed  relative 
to  the  radar,  and  the  pnmed  coordinates  are  local  to  the 
cylinder  as  it  is  rotated.  The  bistatic  angle  between  the 
transmitter  and  receiver  is  approximately  3.4  degrees, 
which  is  sufficiently  small  to  assume  that  the  measured 
cross-section  represents  the  backscattered  case. 

For  a  vertically  polarized  incident  wave,  the  fijids 
are  given  by 

B' -  zEq  exp^Hk^x]  (5) 


H*  •  y  exp^-ikgxj  ,  (6) 

where  an  time  dependence  has  been  assumed 
and  suppressed,  in  terms  of  the  pnmed  coordinates, 
we  have  for  the  incident  fields 

E'  -  (z'cose  -  y'  sine)  Eq  expr-ik^xl  (7) 


The  far-zone  backscattered  fields  due  to  this  excitation 
for  an  infinitely  long  perfeaty  conducting  cylinder  witn 
diameter  2a  are  given  by  (5]; 


o^.j.  ■  4sr^ 

where  subsenpts  T  and  R  are  the  transmit  and  receive 
poianzations.  the  scattenng  matnx  (S|  can  be  wntten  m 
terms  of  the  radar  cross-section.  By  faaonng  out  the 
phase  of  the  Sw 
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In  this  cass,  th«  complex  coefficients  Chv  and  0^^ 
are  given  by 


In  terms  of  the  original  unprimed  coordinates,  the 
backscattered  fields  are  given  by 
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The  scattering  width  for  the  infinite  cylinder  is 

defined  as 
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The  complex  coefficients  and  Cyy  are  a  function 
of  the  rotation  angle  and  can  be  wntten  as 
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Similarly,  for  a  horizontalfy  polarized  incident  wave, 
the  incident  and  backscattered  fields  are  given  by 


E  -yE^exp^-iyj 
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where  subsenpts  T  and  R  are  the  transmit  and  receive 
polanzations.  respectively.  Using  this  definition,  -.re 
scattenng  widths  for  the  infinitely  long  conduct  "g 
cylinder  are  given  by 
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The  relative  phase  of  the  VH,  HV,  and  hh  scatte'ed 
fields  can  also  be  fouiid  trom  the  following  express  c-s 
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For  finite  cylinder  lengths  much  larger  than  a 
wavelength,  the  radar  cross-section  can  be  written  m 
terms  of  the  scattering  width  for  an  infinitely  long 
cylinder  of  the  same  diafneter.  The  radar  cross-section 
denved  m  this  manner  is  given  by 


(29) 


where  L  is  the  length  of  the  cylinder.  The  relative 
phases  for  the  finite  cylinder  at  normal  incidence  for  a 
finite  cylinder  can  be  approximated  by  those  for  the 
in*initely  long  cylinder.  With  expressions  for  dqj  and 

OpiT  *  Oyy  we  can  compute  the  scattering  matrix  for  a 
finite-length  conducting  cylinder  versus  rotation  angle 

e. 


minimum  error  bounds  for  the  measured  sphere 
cross-sections  range  from  ♦0.48  d6  and  -0  5  dB  for  the 
6.35  cm  diameter  sphere  to  *3.9  dS  and  -7.2  dB  for 
the  0.787  cm  diameter  sphere  (6).  It  is  worth  noting  that 
the  measurements  covered  a  wide  dynamic  range  for 
o.  extending  from  -45.7  dBm^  to  -25.2  dBm^- 


•.  1.  I. 
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V.  MEASUREMENT  RESULTS 


Figures.  Normalized  radar  cross-section  for  a 
conducting  sohero  versus  diameter. 


Three  types  of  targets  were  measured:  a  set  of 
conducting  spheres,  conducting  cylinders,  and  natural 
evergreen  twigs.  A  photograph  of  these  targets  is 
shown  in  Fig.  5  along  with  the  dihedral  refieaor  used 
for  calibration. 


A.  Artiheial  Targets 

Radar  cross-section  measurements  were  conducted 
for  eight  spheres  ranging  in  diameter  from  0  787  cm  to 
6  35  cm.  One  of  the  spheres  (d  ■  6.35  cm)  was  used 
for  calibration,  and  the  measured  normalized 
cross  sections  of  the  others  were  compared  to  Mie 
calculations.  The  results,  displayed  m  Fig.  6.  show 
good  agreement  for  ail  spheres.  The  maximum  and 


Tne  phase  performance  was  evaluated  by 
measuring  the  scattering  matrix  of  a  senes  of 
conducting  cylinders  approximately  7.62  cm  m  length 
and  ranging  from  0.0533  cm  to  0.957  cm  m  diameter 
Calibration  was  made  by  measunng  a  dihedral  as  a 
reference  target.  The  scattenng  matnx  for  a  dihedral  is 
given  by  [7]: 


[s] 


2ab  *cos2e  sin2e 
^  8in26  cos26 


(30) 


where  a  and  b  are  the  dimensions  of  a  single  plane  of 
the  dihedral,  and  9  is  the  rotation  angle.  The  relative 
phase  of  the  scanered  fields  for  ''H,  HV.  and  hh 
polanzationt  were  compared  to  the  oreticai  values 
as  developed  in  this  paper.  The  relative  phase  vei^sus 
rotation  angle  for  two  different  cylinder  diameters 
(0.0533  cm  and  0.1168  cm)  are  given  m  Figures  7  and 
k  The  siandard  deviation  m  relative  phase  for  these 
two  cylinders  was  9.7  degrees  for  all  poianzations 

Th«  radar  cross-section  of  the  cylinders  was  also 
measured,  and  an  example  of  the  measured  and 
theoretical  data  versus  rotation  angle  is  given  m  F'gure 
9  for  the  0.0838  un  diameter  cylinder.  The  degradation 
in  accuracy  for  the  magnitude  measurement  is  due 
pnmanty  to  difficulty  in  positioning  the  target  withm  me 
antenna  beam.  The  length  of  the  cylinders  -9 
wavelengths)  made  the  azimuth  and  eievat 
onentation  very  cntical  for  accurate  radar  cross- sec 
measurements. 
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B.  Natural  Targets 

A  set  of  three  types  of  evergreen  twigs  were 
measured  at  angles  of  0.  -45.  and  90  degrees  'eiat  ve 
to  vertical.  These  twigs  were  shown  m  Figure  5  a'crg 
with  the  conducting  spheres  and  cylinders.  As  an 
example,  the  scattering  matnx  for  a  pme  twig  at  a  -45 
degree  angle  of  rotation  was  measured  to  be 
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Figure  7.  Relative  phase  'or  a  finite-length  conducting 
cylinder  versus  rotation  angie  (0  0533  cm 
diameter,  7  62  cm  length). 


where  the  relative  phase  terms  are  given  m  deg'ees 
Preliminary  results  show  a  reasonable  accu'’acy  n  poth 
the  magnitude  and  phase  associated  witn  ;ne 
scattenng  matnx. 


Figure  8.  Relative  phase  for  a  finite-length  conducting 
cylinder  versus  rotation  angle  (0.1 168  cm 
diameter.  7.62  cm  length). 
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Figure  9.  BacKscatter  for  a  finite-length  conducting 
cylinder  versus  rotation  angle  (0  0838  cm 
diameter.  7  62  cm  length). 


VI.  CONCLUSIONS 

The  results  presented  m  this  paper  satisfy  the  first 
phase  of  a  two  phase  expenment.  The  capaoiiity  of  me 
MMP  to  measure  the  complete  scattenng  matrix  of  oomt 
scatterers  has  been  demonstrated.  The  relative  pnase 
accuracy  for  a  single  measurement  was  found  to  be 
±9.7  degrees,  and  based  on  sphere  measurements, 
the  magnitude  accuracy  was  found  to  correspond  wen 
with  that  predicted  from  the  measurement 
signal-to-noise  ratio  as  given  in  [6].  The  noise  levei  of 
the  present  system  corresponds  to  a  radar 
cross-section  on  the  order  of  -50  dBm^  This  levai  is 
realized  by  the  ability  of  the  network  analyzer  to 
subtract  out  the  edects  of  the  target  mount,  it  s 
estimated  that  with  a  more  carefully  developed 
technique  to  mount  the  point  targets,  the  noise  levei 
can  be  improved  by  at  least  10  dB.  At  the  same  time  a 
new  mounting  technique  will  also  improve  the  accuracy 
of  magnitude  measurements  on  assymetric  targets 
such  as  cylinders  where  the  onentation  is  very  cntica' 

The  second  phase  of  the  project  involves 
measurements  of  the  scattenng  matnx  for  natural 
targets.  Preliminary  results  on  a  senes  of  twigs  nave 
been  obtained,  and  an  example  of  a  measurea 
scattering  matrix  was  shown  in  this  paper  Now  that  f'e 
performance  of  the  system  has  bean  demonstrated, 
measurements  will  be  conducted  to  determine  tne 
scattenng  matnces  for  a  variety  of  natural  targets 
including  soil  and  rock  surfaces  and  vegetal  cn 
canopies. 


This  work  was  supported  by  A.my  Researc'-  C"  ce 
Contract  DAAG29-85-K-0220. 
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Fluctuation  Statistics  of  Millimeter-Wave  Scattering 
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4^f/ror/~The  applicabiiiM  of  iht  Ravlftgh  fading  modal  for  char* 
acteruing  radar  scaiitrmg  from  irrrain  i«  rtammrd  ai  )5  GHx  for 
both  backKattaring  and  btsiaii  vatienng.  Th«  model  is  found  to  tit 
in  cscflleni  agrtemeni  «><ih  etrerimtntal  ofrse^ttions  for  ^ngte-fre* 
quency  olHervations  of  uniform  targets  such  as  asphalt  and  snou^cos* 
ered  ground.  The  use  of  frequetKy  averaging  to  reduce  signal  fading 
variations  «as  eaamined  experimentaifs  by  sleeping  the  radar  signal 
from  54- 3b  GHx  in  401  steps.  The  results  show  that  the  formulation 
baaed  on  the  Rayleigh  model  relating  the  reduction  m  signal  fluctuation 
to  the  bandwidth  used  provides  a  reasonable  estimate  of  the  improve* 
ment  provided  by  frequency  averaging. 


1.  iNTROOtCTlON 

TO  fade,  as  defined  in  Websier  s  dictionary  (1).  is  "to 
change  gradually  in  loudness,  strength,  or  visibility, 
when  used  (in  connection)  with  a  motion  picture  image  or 
an  electronics  signal.  "  In  radio  communications  (2).  sig¬ 
nal  fading  refers  to  fluctuations  in  the  received  signal 
caused  by  multipath  interference,  and  in  radar  sensing  of 
terrain  the  terms  fading,  scintillation,  and  fluctuation  have 
all  been  used  interchangeably  to  desenbe  random-like  in¬ 
tensity  vanations  corresponding  to  signals  backscattered 
from  cells  at  different  locations  on  a  disenbuted  target  {3. 
pp  463-495.  I803-I804|.  If  the  radar  is  of  the  imaging 
type,  the  random  variations  produce  a  'speckle"’  pattern 
or  appearance  on  the  image,  which  co:  iplicates  the  image 
.nterpreiation  problem  and  reduces  the  effectiveness  of  in¬ 
formation  extraction  algonthms. 

Consider,  for  example,  the  two  image  segments  shown 
in  Fig.  I  These  two  segments,  one  of  which  corresponds 
to  a  com  field  and  the  other  to  a  forest  parcel  and  which 
were  pan  of  the  same  sinp  of  X-band  radar  imagery,  have 
different  average  tones,  exhibit  significantly  different  tex¬ 
tures.  and  both  exhibit  large  pixel-io-pixel  intensity  van- 
aiions  The  average  tone  of  an  image  is  the  average  value 
of  the  image  intensity  for  all  pixels  contained  in  that  im¬ 
age  (Each  image  segment  contains  approximately  10' 
pixels  )  This  average  tone  is  proponional  to  the  average 
received  power,  which,  in  turn,  is  directly  proponional  to 
:he  backscaitering  coefficient  <f“  of  the  imaged  target  In 
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ih«  tettural  diirertncct  between  tbe  two  images 

other  words.  a°  of  the  imaged  target  is.  by  definition,  the 
mean  value  of  the  random  process  charactenzing  the  in¬ 
tensity  vanations  in  the  image.  Texture  refers  to  the  low 
spatial-frequency  vanations  of  intensity  across  the  image 
[4);  the  com  field,  being  more  spatially  uniform  than  the 
forest  p?rcel.  exhibits  the  same  type  of  random  vanations 
in  all  regions  of  the  image,  whereas  the  image  of  the  for¬ 
est  parcel  conuins  "clumps  "  of  dark  and  bnght  regions, 
on  which  the  random  vanaiion  is  supenmposed.  if  we 
adopt  the  sinct  definition  that  the  concept  of  "a  back- 
scaitenng  coefficient  for  a  distnbuted  target  "  is  meanir^- 
ful  only  for  urgets  with  uniform  electromagnetic  proper¬ 
ties.  then  texture  becomes  the  spatial  vananon  of  o"  from 
one  icgion  of  an  image  to  another.  In  the  case  of  the  torest 
parcel,  these  vanations  are  related  to  the  spatial  nonun- 
formity  of  tree  density. 

Unlike  textural  vanations.  which  may  or  may  not  have 
specific  directional  properties  and  which  are  governed  hv 
the  spatial  vananon  of  the  urgei  scatienng  propemes  rel¬ 
ative  to  the  dimensions  of  the  radar  resolution  cell  the 
random  vanations  that  give  the  image  ns  speckled  ap¬ 
pearance  ar*  due  to  phase-interference  effects  and  are  a 
characiensiic  feature  of  the  scattenng  pattern  lor  an\  Jiv- 
Inbutcd  target  (provided  the  target  satisfies  cenam  con¬ 
ditions.  as  we  shall  discuss  later).  Image  speckle  is  ^mpK 
a  visual  manifestation  of  fading  statistics,  which  i-  'e 
central  topic  of  this  paper 

Thus,  there  are  three  types  of  mtensitv  vanations  ihai 
one  may  observe  m  a  radar  image  1 1  variations  n  is  cr 
tone  from  one  distnbuied  target  isuch  as  a  hare 
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to  another  (such  as  a  forest  parcel).  2)  textural  variations 
from  one  region  of  a  distributed  target  to  another,  and  3) 
random  fading  variations  at  the  putel-to-pixel  scale.  These 
variations  are  governed  by  different  processes  and  are 
charactenzed  by  different  probability  density  functions 
(pdf  s). 

In  some  radar  applications,  these  three  types  of  vari¬ 
ations  are  lumped  together,  treated  as  a  single  vanation. 
and  charactenzed  as  terrain  clutter.  To  determine  the  sta¬ 
tistics  of  the  clutter  random  variable  for  a  given  terrain 
type  or  geographic  area,  the  area  is  imaged  and  then  a  pdf 
of  the  received  voluge  or  power  is  generated.  Next,  the 
dau  1$  tested  against  theoretical  pdfs  to  determine  which 
fits  best.  Such  an  empincal  approach  may  produce  a  sta¬ 
tistical  description  appropnate  to  the  imaged  area,  but  it 
has  some  severe  limitations.  The  empirically  generated 
pdf  is.  in  essence,  a  convolution  of  the  three  pdfs  char¬ 
acterizing  the  three  types  of  variations  referred  to  above. 
Hence,  it  is  both  Urget-specific  and  sensor-specific.  It  is 
target-specific  in  that  it  pertains  to  the  specific  mix  of  ter¬ 
rain  categories  and  the  specific  conditions  of  those  cate- 
gones  at  the  time  the  radar  observations  were  made.  Most 
terrain  surfaces  exhibit  dynamic  vanations  with  time  of 
day.  season,  and  weather  history.  The  pdf  is  sensor-spe¬ 
cific  because  one  of  the  underlying  vanations.  namely  that 
due  to  signal  fading,  is  governed  by  the  detection  scheme 
used  in  the  receiver  (linear  or  square-law)  and  the  type  of 
hltenng  or  smoothing  technique  employed  in  the  signal 
processor.  Filtenng  techniques  are  used  to  reduce  fading 
vanations;  they  may  include  spatial  averaging  and/or  fre¬ 
quency  averaging  schemes  and  may  be  performed  coher¬ 
ently  or  incoherently  [4)-(91. 

To  charactenze  the  fading  sutistics  associated  with  a 
lerrain  surface  of  uniform  electromagnetic  properties,  the 
usual  appro'.ch  is  to  model  the  surface  as  an  ensemble  of 
independent,  randomlv  located  scatteren.  all  of  conipa- 
rable  scattenng  strengths.  Such  a  model  leads  to  the  result 
that  the  amplitude  of  the  backscattered  signal  is  Rayleigh- 
distnbuted  (3.  pp.  476-481)  If  the  return  is  dominated 
by  backscaner  from  one  or  a  few  strong  scatteren,  the 
fading  process  is  characterized  by  the  Nakagami-Rice 
distnbution  (10)  Some  expenmenuJ  observations  sup¬ 
port  the  Rayleigh  behavior  (4).  (11).  (12)  while  othen, 
particularly  those  measured  for  complex  terrain  cate¬ 
gories.  are  in  closer  agreement  with  the  lognormal  or  the 
Weibull  pdr s  [13)-(1T),  or  other  more  complicated  dis- 
inbutions  (18). 

The  purpose  of  this  paper  is  to: 

1)  examine  the  applicability  of  Rayleigh  fading  at  33 
GHz  for  both  backscattenng  and  bisutic  scattenng  from 
uniform  terrain  media. 

2)  examine  the  statistics  aaociated  with  the  use  of  fre¬ 
quency  a-eraging  to  reduce  fading  vanations.  and 

})  determine  if  the  sutistical  character  of  the  back- 
scatter  IS  affected  by  the  size  of  the  ground  cell  (antenna 
fooipnnt)  illuminaied  by  the  radar 
To  this  end.  both  expcnmental  measurements  and  the¬ 
oretical  analyses  were  pertormed 


II.  Rayleigh  Fading  Statistics 
A.  Underlying  Assumptions 

The  Rayleigh  fading  model  used  for  descnbing  radar 
scattenng  from  an  area-extended  (distnbuted)  target  is  es¬ 
sentially  the  same  as  the  model  used  for  random  noise  and 
is  based  on  the  same  mathematical  assumptions.  A  review 
of  these  assumptions  will  prove  useful  in  later  sections 
The  sketch  shown  in  Fig.  2  depicts  a  radar  beam  illu¬ 
minating  an  area  A  of  an  area-extended  urget.  The  illu¬ 
minated  area  conuins  N,  point  scatterers  designated  by 
the  index  <  •  1,  2.  •  •  •  ,  For  simplicity,  we  shall 
coniine  our  present  discussion  to  the  backscaner  case.  The 
field  intensity  at  the  input  of  the  receiving  antenna  due  to 
backscaner  by  the  rth  scanerer  may  be  expressed  as 

E,  •  K,E,o  exp  [>(ur  -  2ir,  9, )]  11) 

where  £«  is  the  scanering  amplitude  and  9,  is  the  scatter¬ 
ing  phase  of  the  ith  scanerer;  r,  is  the  range  from  the  an¬ 
tenna  to  the  scanerer;  k  >  2t/X  is  the  wavenumber,  and 
K,  is  a  system  consunt  that  accounu  for  propagation  losses 
to  and  from  the  scanerer,  antenna  gam.  and  other  radar 
system  faaors.  The  expression  given  by  (1)  may  be  ab- 
brevuted  u 

E,  •  K.E.ot^*-  12) 

where 

d,  ■  w<  -  2Jkr,  +  9,  I  3  I 

IS  the  insianuneous  phase  of 
Assumption  I:  The  scatteren  are  sutistically  indepen¬ 
dent.  This  assumption  allows  us  to  express  ihe  total  m 
sununcous  held  due  to  the  N,  scaneren  conuined  in  the 
area  A  u  a  simple  sum 

V, 

£  •  S  K.E.ot'*"  I  4  I 

I  •  I 

and  It  implies  that  interaction  effects  between  adu^cm 
scatteren  may  be  ignored. 

Assumption  2.  The  maximum  range  exient  of  if.e  urcei 
.ir  ■  I  r,  -  r  i^,_  is  much  smaller  than  the  mean  -ance 
to  ihe  target  area  A.  and  the  antenna  gam  is  jm/or-n  j.,  ■ 

4  This  allows  us  to  set  ■  Af  for  all  I  For  con\ • 
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we  shall  set  K  *  I  Hence 

£  -  E  (5) 

I  •  I 

The  total  field  £  is  a  vector  sum  of  N,  phasors.  If  we 
express  these  phasors  graphically  (Fig.  3)  with  the  first 
one  starting  at  the  ongin  and  the  successive  one  suiting 
each  at  the  tip  of  the  preceding  one.  the  resulunt  is  a  vec¬ 
tor  from  the  ongin  to  the  tip  of  the  last  phasor.  The  length 
oi'  this  vector  and  its  phase  angle  are  denoted  E,  and 
respectively  That  is 

£  -  E,t'*.  (6) 

Assumption  3.  N,  is  a  large  number.  This  assumption 
allows  us  to  use  the  central-limit  theorem,  which,  in  turn, 
allows  us  to  assume  that  the  a-  and  y-cotrponents  of  £. 
£,.  and  £..  are  normally  disirbuted.  However,  it  can  be 
shown  through  compute'  simulation  that  this  condition  can 
be  satisfied  i approximately)  for  N,  as  small  u  10.  (The 
same  conclusion  was  reached  by  Xerr  (I9|  in  tiie  1940’$.) 

Assumption  4:  The  scaRcnng  amplinide  £,o  and  the  in¬ 
stantaneous  phase  an  independent  random  variables. 
This  condition  is  easily  satisfied  if  £,o  is  independent  of 
the  range  r,.  which  vould  be  the  case  if  the  scaneren  are 
randomly  distnbuted  in  range. 

Assumption  5  The  phase  d,  is  uniformly  distributed 
over  the  range  (0.  2r  |.  To  utisfy  this  condition  it  is  not 
only  necessary  that  the  scatterers  be  randomly  disinbuied 
in  range,  but  the  maximum  range  extent  of  the  urges  dr 
must  be  several  wavelengths  across  also. 

Assumption  6:  No  one  individual  scatterer  produces  a 
field  iniensiiy  of  magnitude  commensurate  with  the  re¬ 
sultant  held  from  all  scatterers  In  other  words,  the  field 
£  IS  not  dominated  by  one  tor  fewi  very  strong  scat- 
lererts)  If  this  condition  is  not  satisfied,  the  Rayleigh 


noiselilce  sutistics  do  not  apply  and  the  sutistics  devel¬ 
oped  by  Rice  [20]  for  one  or  more  large  signals  contained 
in  a  background  of  noise  should  be  used  instead. 

Use  of  Assumptions  3-6  can  be  shown  to  lead  to  the 
following  properties  [3,  p.  479): 


P(E,) 

-  ^exp(-£,V2j‘).  £,2  0 

(7) 

P(<P) 

-  l/(2») 

181 

1, 

-(f)  • 

19) 

T. 

-  2j* 

( lo; 

where  p(£,)  and  p(d)  denote  the  pdfs  of  f,  and  «.  re¬ 
spectively.  is  the  ensemble  average  (mean  valuei  of  £,. 
and  s  is  the  sundard  deviation  of  £,  and  £..  Equation  i'’i 
is  known  u  the  Rayleigh  distnbuiion. 

B.  Output  Voltage 

1)  Unear  Detection:  If  the  receiver  uses  a  linear  de¬ 
tector.  Its  output  voluge  k'i  IS  directly  proportional  to  E, 

V,  -  K,E, 

“  £i£j(<r“)'  V 

mVJ  Mil 

where  K,  is  a  system  constant.  AT;  relates  the  mean  n?  j 
?,  to  the  backscattenng  coefficient  of_the  laren  ’  j- 
tually.  <i°  IS  directly  proportional  to  £\  but  £  =  .;  •• 

£• ).  and / IS  the  normsliaed  fading  random  \oridr  ,  :  .  .  - 
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by 

/=£.;£.  <12 ) 
Using  the  relation  p(E,)  dE,  =~pX  f )  df,  we  obtain 

pif)  ’‘Texpi-tf-  A),  f»Q  (13) 


/-I  I  14) 

V  =  n,/Pt  =  0.523  (15) 

Because  the  output  voltage  is  a  product  of  its  mean 
value  f'i,  =  KiKiia'^)'  '■  and  the  random  vanable /.  the 
process  is  sometimes  referred  lo  as  a  multiplicative  noise 
model. 

2)  Square-Law  Detection:  The  voltage  output  of  a 
square-law  detector  is  directly  proportional  to  the  power 
of  the  input  signal  rather  than  to  its  field  intensity  £,.  Thus 


where 


*  £,£ 

E; 

*  KiK^Kio'F 

(16) 

F  -  E\/eI 

(1?) 

is  the  normalized  fading  random  variable  for  power.  The 
pdf  charactenzing  F  is  the  exponential  distribution  (3.  p. 
480) 


with 


and 


p{F)  =  e*  .  £20 

F  »  I 

Sf  »  Sp/P  -  1. 


(18) 

(19) 

(20) 


C.  Interpretation 

What  do  these  statistics  tell  us?  To  answer  this  question 
we  start  by  examining  Fig.  4(a).  which  shows  plots  of 
pi  / )  and  p(  £ )  for  the  Rayleigh  and  exponential  distri¬ 
butions.  respectively,  and  Fig.  4<b).  which  shows  the  cor¬ 
responding  cumulative  dt.'ributions.  We  observe  that  the 
range  of  fading  associated  with  these  disinbutions  is  very 
large.  That  is.  if  one  ukes  a  single  sample  of  the  signal 
from  a  Rayleigh-distributed  or  exponentially  distnbuted 
ensemble,  one  has  very  little  chance  of  selecting  a  value 
close  to  the  mean.  To  illustrate  this  with  a  specific  ex¬ 
ample.  according  to  the  Rayleigh  distnbution  in  Fig.  4(b) 
the  value  of  /that  exceeded  5  percent  of  the  time  is  I  95 
(relative  to  the  mean)  and  that  exceeded  93  percent  of  the 
time  IS  0  23  In  decibels,  these  levels  correspond  to  >3  8 
and  -  1 1  9  dB.  respectively  If  we  select  a  sample  at  ran¬ 
dom.  .he  probability  is  90  percent  ( 93  to  3  range )  that  ns 
value  will  be  wnhin  the  range  extending  from  1 1  9  dB 
below  the  mean  lo  3  8  dB  above  ihe  mean.  We  may  think 
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of  this  as  the  90-pcrceni  confidence  interval  associated 
with  our  measurement.  The  imporunt  point  to  note  here 
is  the  fact  that  this  interval  (  I?  7  dB)  is  very  large  indeed 
The  situation  is  not  much  different  when  square-law  de¬ 
tection  is  used;  the  3-  and  93-percent  levels  of  the  cu¬ 
mulative  distnbution  for  the  exponential  pdf  are  >4  8  and 
-  12.9  dB.  also  toulling  to  17.7  dB. 

Now  let  us  illustrate  the  fading  behavior  with  measure i 
dau.  Fig.  3(b)  presents  a  trace  of  radar  backscaiter  mea 
suremenis  made  by  a  33-GHz  truck-mounted  scaiierom- 
eter  as  the  tnick  was  dnven  across  an  asphalt  surtace  with 
the  radar  beam  pointing  downward  along  the  aft  direction 
at  an  incidence  angle  of  40*  relative  to  normal  incidence 
(Fig.  3(a)).  The  antennas  were  mounted  atop  a  telescopic 
boom  at  a  height  of  10.3  m  above  the  asphalt  surface  The 
sampling  rate  was  such  that  the  footpnnts  (on  the  asphalt 
surface)  corresponding  to  adjacent  samples  were  loialh 
independent  (no  overlap).  More  detailed  informaiion  on 
the  system  and  measurement  procedure  is  given  m  Section 
IV 

The  vertical  axis  in  Fig  5(b)  represents  £  the  ’■jt"' 
the  received  power  lo  ihe  average  value  computed  ■  -r  . 
1000  measuremenis.  expressed  m  decibels  i  It  is  js...  -  . 


A.SS 


lESE  transactions  0«<  GEOSCIENCE  AND  remote  5ESSISC  vOL  '.t,  NO  ’  M  a\  ■<«« 


Vanatiefl  of  F(dB)  mittt  iMtlal  potnion 


M 


- - 1 

»  300  <00  490  400  '000 

Ibl 

Fif  S  The  Ueich  IK  laMhows  now  ih«  meaiurtmcni  of  ihcbtckscaticnnt 
fmm  aipholi  lihown  m  ibii  were  acquired  The  itKidence  angle  •U'tO'. 
ihe  plaiform  heighi  lO  3  m.  and  ihe  polanuiion  VV  The  meaiuied 
backvrarieiTnf  coeAcieni  i  /-otresponding  lo  ?  i  wat  -S  25  dB 


92>f2:*sf*s«jiea923ca:asct 

d 


Fig  6  Cofflpanaon  of  iIm  iMRMnd  pdft  •Mb  the  tipoMmtRi  pdf  The 
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ihai  Ihe  mean  of  1000  independent  samples  is  a  good  es¬ 
timate  of  the  true  mean.)  We  observe  that 

1 )  The  measured  values  of  F  extend  over  a  range  of 
50  2  dB.  and  that  90.8  percent  of  these  data  poinu  are 
within  the  - 12.9-  to  +4.8-dB  range  (which  corresponds 
to  the  90-pcrceni  interval  for  the  exponential  distribu¬ 
tion). 

2)  The  standard  deviation  if  ■  0.97.  which  is  in  close 
agreement  with  the  value  of  I  predicted  by  (20). 

3)  The  measured  pdf  of  F  closely  resembles  the  expo¬ 
nential  distribution  (Fig  6).  an  acceptance  hypothesis  test 
using  the  chi-square  goodness  of  fit  test  shows  agreement 
with  a  probability  of  86  percent 


D.  Independent  Samples 

To  improve  the  uncertainty  of  a  radar  measurement  of 
the  backscatter  from  a  terrain  surface,  it  is  necessary  to 
average  many  independent  samples  together.  An  easy  way 
to  increase  the  number  of  independent  samples  .V  con¬ 
tained  in  an  estimate  of  the  radar  backscatter  is  through 
spatial  averaging,  which  amounts  to  trading  spatial  reso¬ 
lution  for  improved  radiometric  resolution.  Other  ways  to 
increase  M  are  discussed  in  Section  III. 

It  Detection:  If  ,v  randomly  selected  samples 

of  a  Rayleigh-distnbuted  voltage  are  averaged  to- 
get  er.  t  e  average  value  1^^^  has  the  following  proper- 
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where  we  defined 
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as  the  fading  random  variable  corresponding  to  the  aver¬ 
age  of  N  independent  samples.  Its  propenies  are 
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and  Its  pdf  may  be  obtained  by  ^-successive  convolutions 
of  the  Rayleighdistnbution  ( 13).  Plots  ofp(  /v)  are  shown 
in  Fig.  7(a)  for  several  values  of  N.  As  expected,  as  V 
increases  the  disinbution  becomes  more  peaked  and  nar¬ 
row  ( the  sundard  deviation  decreases  as  \' '  • ) 
i)  Stfuare-Law  Detection:  If  the  receiver  uses  square- 
taw  detection 
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The  mean  value  of  is  I .  its  standard  deviation  is 
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and  us  pdf  is  a  x '  tlttmbution  with  2.V  degrees  ot  treedom 
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such  as  a  building  or  a  corrrer  reflector  formed  by  two 
intersecting  flat  surfaces,  the  Rayleigh  pdf  is  no  longer 
applicable. 

in  a  recent  study  on  image  texture  (4],  Seasat  SAR  dau 
was  examined  for  five  land  use  categones  In  a  test  site  in 
Northeastern  Oklahoma.  Comparison  of  pdfs  based  on 
the  dau  from  the  digiul  SAR  image  with  the  Rayleigh 
pdf  revealed  a  good  fit  between  dau  and  theory  fur  back- 
scatter  from  a  lake  surface,  a  fair  fit  for  grasslands  and 
cultivated  terrain,  and  poor  agreement  for  forests  and  ur¬ 
ban  areas,  panicularly  for  the  latter. 

III.  Ways  to  Increase  the  Number  of  Independent 
Samples 


Fi|  T  proBaBiliiy  deniuy  functioni  for  .V  ■  I .  a  «nd  10  for  (ai/,  (linear 
Ocicciioni  and  lb)  F,  (iqiiara-iaw  Ociccrioni. 

b.  Applicability  of  tht  Rayleigh  Model 

Does  (he  Rayleigh  fading  model  provide  an  appropriate 
approach  for  characienzing  the  suusiics  of  radar  back- 
scatter  from  terrain?  The  answer  is  a  qualified  yes.  If  the 
assumptions  underlying  the  Rayleigh  fading  model  are 
reasonably  satisfied,  the  available  experimental  evidence 
suggests  that  the  Rayleigh  model  is  quite  applicable  (4|. 
[II].  (12).  Terrain  urgets  satisfying  the  Rayleigh  as¬ 
sumptions  include  bare  ground  surfaces,  agricultural 
fields,  dense  forest  canopies,  and  snow-covered  ground. 
In  all  cases  the  urget  has  to  have  stationary  sutistics. 
which  requires  (hat  lu  “local-average”  elcctronugnetic 
properties  be  uniform  scrou  the  exunt  of  the  urget. 

Rayleigh  fading  is  inapplicable  for  a  sparse  forest  ob¬ 
served  by  a  high- resolution  radar  because  the  high  spatial 
vanations  in  tree  der4ity  at  the  scale  of  (he  radar  resolu¬ 
tion  violate  the  sutionanty  assumption.  Thus,  a  very  im- 
porum  parameter  governing  applicability  of  Rayleigh  su- 
iistics  to  backscatter  from  terrain  is  (he  siae  of  the  radar 
resolution  cell  relative  to  (he  spatial  frequency  spectrum 
characterizing  the  scanering  from  the  terrain  urget  under 
consideration. 

An  urban  scene  is  another  target  class/condition  for 
which  Rayleigh  sutistics  may  not  apply  If  the  resolution 
cell  size  IS  such  that  the  backscatter  is  likely  to  be  domi¬ 
nated  by  the  return  from  one  or  a  few  strong  scatterens). 


According  to  the  preceding  section,  if  a  radar  is  used  to 
measure  the  backscattering  from  a  uniform,  randomly  dis¬ 
tributed  urget  with  backscattering  coefficient  9°.  the  volt¬ 
age  observed  at  the  receiver  output  will  be  proportional 
to  ( 9°)*.  with  n  w  I  /  2  for  linear  detection  and  n  s  l  for 
square-law  deteaion.  However,  associated  with  the  mea¬ 
surement  process  (here  will  be  a  multiplicative  error  rep¬ 
resented  by  the  random  variable  fs  (for  linear  detection) 
or  fjy  (for  square-law  detection).  These  random  variables 
both  have  means  of  1  and  sundard  deviations  proportional 
to  Hence,  the  key  to  improving  the  precision  of 

the  measurement  process  is  to  make  iV  l.rrs  as  possi¬ 
ble. 

Fundamenuily.  increasing  N  is  equivalent  to  trading  off 
spatial  resolution  for  improved  radiometric  resolution. 
This  sutemem  is  true  when  discrete  measure  -ents  (cor¬ 
responding  to  discrete  resolution  cells)  are  a.eraged  to¬ 
gether  after  detection,  as  well  as  when  the  averaging  pro¬ 
cess  is  an  integral  part  of  the  detection  process  (as  we 
shall  discuss  laur). 

A.  Spatial  Averaging 

J)  Discrete  Samples:  If  N  measurements  correspond¬ 
ing  to  sutistically  independent  nonovertapping  footpnnts 
are  avenged  together,  then  the  number  of  independent 
umples  charecteruing  the  avenge  value  is  simply  S  Sta¬ 
tistic  independence  requires  that  the  spacing  between 
adjacent  fbotprinu  be  greater  than  the  spatial  correlation 
length  of  the  random  surface  L,.  Thus,  reflections  from 
two  nonoverlapping  footpnnu  on  a  very  smooth  surt'ace 
are  not  considered  independent  because  the  correlation 
length  of  a  smooth  surfKe  is  very  long  (it  is  infinite  for  a 
specular  lurfKe).  Conversely,  for  a  random  surface  the 
returns  f'om  two  footpnnts  may  be  considered  indepen¬ 
dent  even  if  the  footpnnts  do  overlap,  provided  that  the 
spacing  between  the  centera  of  the  two  footpnnts  is  greaier 
than  a  certain  disunce  which  we  shall  call  the  fadme  de¬ 
correlation  distance  L^.  Expressions  for  L,  are  given  n 
succeeding  sections  for  specific  antenna  pointing  conng 
urations.  In  all  cases  the  condition  L,,  >  L,  has  lo  be  'ji 
isfied  in  order  for  the  samples  to  be  statisticalK  mjer  " 
dent 

2)  Continuous  Averaging  in  Azimuth  Consider  .  • 
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tenna  beam  shown  in  Fig.  8:  the  boresighi  direction  is  in 
the  X-:  plane,  pointing  at  an  angle  9.  and  the  effective 
beamwidth  is  3,  in  the  v-direction.  The  antenna  is  moving 
along  (he  v-direction  (azimuth)  at  a  velocicy  u,.  vhe  nom* 
inal  range  to  (he  antenna  footpnni  is  R.  and  the  nominal 
azimuth  resolution  (width  of  the  footprint  in  the  y  direc¬ 
tion  IS) 

r.  -  0,/t.  (28) 

If  the  radar  output  voltage  i$  recorded  as  a  function  of 
lime  as  the  beam  traverses  the  ground  surface  at  the  ve¬ 
locity  M,.  the  beam  performs  a  form  of  continuous' aver¬ 
aging  equivalent  to  low-pass  filtering.  From  considera¬ 
tions  of  the  time  it  takes  to  travel  over  a  distance  r.  and 
the  Doppler  bandwidth  of  the  signal  backscatiered  from 
(he  illuminated  cell,  it  can  be  shown  |3.  pp.  S85-S86)  that 
the  output  voltage  represents  an  a*  :.'age  of  Af, -equivalent 
discrete  independent  samples,  and  that  Af,  is  given  by  the 
jpproKimaie  expression 

Af.  a  r,/(/./2)  (29) 

where  /,  is  the  length  of  the  antenna  along  the  y-direction. 
The  above  result,  which  is  independent  of  u,.  may  be  in¬ 
terpreted  as  say.ng  that  the  fading  signal  decorrelates 
whenever  (he  antenna  moves  a  distance  /.  ;2  in  the  v-di- 
reciion.  and  Cieretore  a  resolution  cell  of  width  r  con- 
lains  r  (/  .1  independent  samples  Thus,  ihe  fading 


decorrelation  disunce  is  simply 

(30) 

The  result  given  in  (29)  is  equally  applicable  to  a  pen¬ 
cil-beam  scatterometer  and  to  a  fan-beam  side-looking 
real-apenure-radar  (RAR).  In  the  case  of  a  side-looking 
fully  focused  synthetic  aperture  radar  (SAR),  the  Doppler 
bandwidth  is  used  to  improve  the  azimuth  resolution  from 
r.  *  /3,  /f  to  the  resolution  r,  »  /./2  corresponding  to  a 
synthetic  aperture  of  length  I,  =  8,R.  Thus,  for  the  fully 
focused  SAR 

(V, » r, /(/,/:) 

«  1. 

Looked  at  another  way ,  N,.  represents  the  degradation  m 
spatial  resolution  from  the  best  achievable  iljl)  down 
to  r,. 

3)  Continuous  Averaging  in  Range:  For  a  narrow  pen¬ 
cil-beam  scatterometer  traveling  in  the  z-direction.  con¬ 
sideration  of  the  time-bandwidth  product  leads  to 

1^.  »  r./L^  (31) 


a  (/,/2)sec^g  (32) 

where  r,  is  the  ground  resolution  in  the  x-direction.  and 
I,  is  the  height  of  the  antenna  in  the  elevation  plane 

B.  Frequency  Averaging 

The  criteria  used  to  decide  whether  or  not  a  pair  of  sig¬ 
nals  k'l  and  k'j  backscattered  from  two  ground  footprints 
may  be  treated  as  statistically  independent  observations  is 
based  on  the  magnitude  of  the  correlation  coefficient  be¬ 
tween  them.  p(  F,.  Fj).  If,  on  the  average,  p  is  smaller 
than  some  specified  value,  such  as  0.2.  the  two  observa¬ 
tions  may  be  regarded  as  sutistically  independent.  De¬ 
correlation  is  a  consequence  of  differences  in  the  instan¬ 
taneous  phases  of  the  scatterers  present  in  the  observed 
cells.  The  phase  of  a  given  scatterer,  as  given  by  (3i 

d,  ■  wT  -  2kr,  9, 

■  wr  — —  vr,  9, 

may  be  changed  by  altering  the  range  r,  between  the  scai- 
terer  and  the  antenna,  or  by  changing  the  wave  frequency 
r.  Birkemciei  and  Wallace  (21]  denved  an  expression  (or 
the  correlation  function  for  two  signals  ( one  at  frequency 
and  the  other  at  frequency  r^)  scattered  from  the  same 
randomly  distributed  target  as  a  function  of  (he  illumina¬ 
tion  geometry  and  the  frequency  separation  .It-  =  k.  - 
If  1^5  IS  the  output  voltage  after  square-law  deiecimn 
(I  e  .  l-'j  *  KP.  where  P  is  ihe  input  power),  the  jui.v  r 
relation  function  for  l-'j  ( t-, )  and  l-'j  ( v. »  is  given  nv 

Riv,.  I-:)  -  I'j  ( t-, )  k-j  (  v;  I 

*  P'.y.]  P\  v.  I 
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where  K  has  been  sei  equal  to  unit>  for  convenience  For 
(he  randomly  distributed  target  depicted  in  Fig.  9.  Bir- 
kemeier  and  Wallace  |2I|  argue*?  that  the  process  is  su- 
(ionary;  i.e..  /flvi.  )  *  RiSv).  and  showed  that  the 
autccovanance  function,  defined  as 

-  P  (34) 


IS  given  by 


sin  aAo  i’ 

I 


(35) 


where  /»  =  P(  vi )  =  /»( I/, )  IS  the  mean  value  of  the  input 
power  ( assumed  constant  over  the  frequency  separation 
iSy ).  and 


2xD  2t 

«  =  -  =  —  r,  sin  9. 

c  c 


(36) 


The  correlation  coefficient  is  the  normalized  autocovan- 
ance  function 


(^v) 


/ sin  aily\' 
\  aAv  ) 


(37) 


The  two  signals  P(v,)  and  P(  v->)  may  be  regarded  as  sta¬ 
tistically  uncorrelated.  and  therefore  independent,  if  the 
separation  corresponds  to  the  first  zero  of  p(.li'l. 
which  occurs  at  a^y  *  e.  This  was  called  the  cntical 
frequency  change  by  Birkemeierand  Wallace  121J,  but  we 
shall  refer  to  it  as  the  decorrelation  bandwidth  ^y^,  and 
It  is  given  by 

—  a  ^  MHz  (38) 


with  D  in  meters. 

For  continuous  integration  over  a  swept- frequency 
bandwidth  B  extending  from  y,  to  •>].  the  variance  of 


P{B) 


IS  given  by  |2Ci 


where  {  IS  Use  of  (35)  in  (40)  leads  to 


(39) 


Fig  9  Backscauermg  geometry  tor  jn  illuminated  cell  •ith  ground-range 
dimension  r. 


This  result  will  be  evaluated  in  Section  V  through  com- 
panson  with  measured  data. 

If  aB  »  1.  the  term  i/ B  is  negligible  over  the  region 
where  the  autocovariance  function  is  of  significant  size  m 
the  integrand,  w^’-h  allows  us  to  integrate  the  function 
analytically  and  obtain  the  approximate  solution 

ID 

S  3  —  B 

c 

a  (43) 

Here  D  is  the  slant-range  resolution  of  the  radar  system. 
We  may  show  the  equivalence  of  the  above  result  to  the 
chirped  pulse-radar  case  (as  in  a  RAR  or  SAR)  by  noting 
that  B  is  the  chirp  bandwidth  and  2D/c  is  the  de-chirped 
pulse  length  r.  Hence 

N  »  Br 

a  B/B,  (44) 

where  B,  •  1/r  is  the  receiver  bandwidth.  If  the  trans¬ 
mitted  pulse  is  de-chirped  in  the  receiver  to  obtain  the 
narrowest  possible  pulse  length,  the  receiver  bandwidth 
0,  has  to  be  equal  to  the  modulation  bandwidth  0  Hence. 
Af  ■  I.  However,  if  it  is  desired  to  have  N  be  larger  than 
I.  the  pulse  may  be  de<hirped  only  panially.  thereby 
using  the  excess  bandwidth  to  provide  frequency  averag¬ 
ing.  This  is  referred  to  u  coherent  frequency  averaging 
(8).  in  contrast  with  incoherent  frequency  averaging 
wherein  the  averaging  operation  is  performed  after  the  de- 
tectMm  and  sampling  operations.  That  is.  full  de-chirping 
IS  performed  to  retrieve  the  best  possible  range  resolution 
possible,  utd  then  after  the  image  is  produced,  several 
range  pixels  are  averaged  together  to  increase  S. 


The  effective  number  of  independent  umples  realized 
as  a  result  of  frequency  averaging  may  be  obuined  by 
relating  (he  variance  of  P  to  its  mean  value  as  in  (26) 


IV.  Experiment  Description 

Two  types  of  experiments  were  conducted  in  support  oi 
this  study,  one  involving  backscatter  measurements  using 
a  truck-mounted  platform  and  another  experiment  mvolv  - 
ing  bistatic  scanenng  measurements  conducted  m  the  lab¬ 
oratory.  To  maintain  continuiiy  m  this  presen(a(i:sn  oni\ 
the  backscatter  measurement  sysiem  will  be  desenbe j  n 
this  section,  and  description  of  the  bistatic  conngurji  .ir 
will  be  deferred  to  Section  VI 


I 
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The  backscattered  data  analyzed  in  succeeding  sections 
was  measured  by  a  3S-GHz  scatterometer  that  was 
mounted  on  a  truck-mounted  telescopic  boom  as  depicted 
in  Fig.  5(a).  The  system,  which  is  part  of  The  University 
of  Michigan's  millimeter  wave  polarimeter  (22).  uses  an 
HP85IOA  vector  network  analyzer  to  sweep  frequency 
from  34  to  36  GHz  in  401  discrete  steps.  Subsequent  to 
calibration  against  a  metal  sphere  of  known  radar  cross 
section,  the  output  is  presented  in  the  form  of  a  frequency 
spectrum  of  the  measured  backscattering  cross  section  per 
unit  illuminated  area  ( i  e. .  a  "  i  or  in  the  form  of  a  plot  of 
the  received  power  versus  round-tnp  delay  A  more  de¬ 
tailed  description  of  the  system's  operation  and  signal 
processing  capabilities  is  given  in  Ulaby  et  ai.  (22). 

The  scatterometer  uses  a  pair  of  15-cm  diameter  lens- 
corrected  horn  antennas  mounted  onto  a  common  posi¬ 
tioner  one  above  the  other  in  the  elevation  plane.  The  an¬ 
tenna  far-held  distance  is  approximately  5.2  m  and  the 
effective  beamwidth  of  the  product  gain  pattern  is  3*.  The 
antenru  positioner  may  be  set  at  an  angle  of  incidence  $ 
from  0*  (nadir)  to  90*.  and  the  platform  height  may  be 
extended  up  to  a  maximum  of  20  m  above  the  ground 
surface. 

Two  types  of  terrain  targets  were  selected:  I)  an  asphalt 
surface,  as  a  representative  of  targets  from  which  the 
backscatter  is  due  pnmanly  to  surface  scattering,  and  2) 
a  layer  of  dry  snow  over  a  soil  surface,  as  a  represenutive 
of  media  from  which  the  backscatter  is  due  primarily  to 
volume  scanenng.  Several  experiments  were  conducted 
for  each  of  these  urgets  to  evaluate  (he  sutisticai  vari¬ 
ability  of  the  backscattered  power  for  various  combina¬ 
tions  of  incidence  angle  and  platform  height.  The  mea¬ 
surements  for  asphalt  were  acquired  with  the  antennas 
pointing  in  (he  aft  direction  as  shown  in  Fig.  5(a).  To 
insure  that  measurements  from  acjacent  footpnnu  were 
sutistically  independent,  the  truck  was  moved  a  disunce 
greater  than  the  extent  of  the  antenna  footprint  between 
successive  measurements.  The  arrangement  for  snow  wu 
similar  to  that  employed  for  asphalt  except  (hat  the  truck 
remained  sutionary  and  (he  boom  wu  made  to  move  in 
azimuth  in  order  to  avoid  distutbing  the  snow  surface. 
The  rms  height  of  the  asphalt  surface  wu  measured  to  be 
0  4  mm  (from  a  surface  mold),  and  the  snow  wu  15  cm 
deep  and  had  an  avertfe  temperature  of  -  l*C. 

To  limit  the  scope  sf  the  dau-csilection  segment  of  this 
investigation,  all  obaervaiions  were  made  with  the  VV 
potanzation  only. 

in  addition  to  the  scanerometer  system,  the  truck- 
mounted  platform  earned  three  microwave  radiometers 
that  were  mounted  on  the  same  platform  and  their  beams 
pointed  along  the  same  direction  u  (hat  of  (he  Katterom- 
eter.  Their  center  frequencies  were  35,  94.  and  140  GHz. 
and  all  three  had  temperature  resolutions  better  than  I  K. 
At  the  time  of  this  investigation,  however,  only  the  two 
upfier-frequency  radiometers  were  in  operating  condition. 
These  instruments  proved  extremely  useful  m  venfying 
thji  1 1  (he  targets  were  uniform,  and  2)  the  snow  was  dry 
li  e  .  It  contained  no  water  in  liquid  form) 


Table  I  provides  a  summary  of  the  statistics  of  the  ra¬ 
diometric  observations.  At  94  GHz,  the  mean  value  of  the 
brightness  temperature  Tg  based  on  meuuremenu  from 
10  spatially  independent  footprinu  wu  252.8  K  and  the 
sundard  deviation  wu  only  1.2  K.  which  is  an  excellent 
indicator  that  the  asphalt  surface  wu  electromagnetically 
uniform.  For  snow,  the  radiometric  observations  were 
made  at  both  94  and  140  GHz.  and  from  heights  of  1 1  and 
19  m.  The  two  94-GHz  sets  of  observations  (each  con¬ 
sisting  of  50  meuuremenu  from  spatially  independent 
footprints)  had  mean  value  that  were  within  I  K  of  one 
another  and  standard  deviations  of  only  a  few  kelvins 
each.  In  spite  of  the  slighly  greater  difference  between  the 
mean  values  of  the  140-GHz  observations  (which  is  at¬ 
tributed  to  the  greater  sensitivity  of  the  140-GHz  radi¬ 
ometer  (relative  to  the  94-GHz  radiometer)  to  vanations 
in  cloud  conditions  between  the  times  corresponding  to 
the  1 1-  and  19-m  expenmenu),  the  resulu  again  indicate 
that  the  snow  medium  wu  fairly  uniform  frorr>  one  loca¬ 
tion  to  another.  The  magnitude  of  fi  3  166  K  at  94  GHz 
is  charactenstic  of  dry  snow  [23],  and  considenng  that  a 
chang^in  liquid  water  content  by  only  2  percent  would 
cause  Tf  increase  by  about  100  K  [23],  the  measured 
standard  deviation  of  only  a  few  kelvins  is  a  clear  indi¬ 
cator  that  the  snow  layer  was  indeed  dry  everywhere.  By 
way  of  comparisons,  we  show  in  Fig.  10  radiometnc  ot> 
servations  that  were  made  later  in  the  season  for  wet  snow. 
We  observe  that  T*  of  wet  snow  is  about  266  K  at  94  GHz 
(compared  to  166  K  for  dry  snow)  and  270  K  at  140  GHz 
(compared  to  about  208  K  for  dry  snow),  and  again  the 
sundard  deviations  are  only  on  the  order  of  1-2  K. 

A.  Single‘Frequency  Observations 

As  wu  mentioned  in  the  previous  section,  the  scatter¬ 
ometer  meuures  the  backscattered  power  at  401  equally 
spaced  frequencies  (channels)  extending  from  34  lo  36 
GHz.  In  this  section  we  shall  consider  only  the  sutistics 
usociated  with  single-frequency  measuremenu.  namely 
the  35-GHz  channel.  It  should  be  noted,  however,  that 
the  resulu  and  conclusions  realized  at  35  GHz  are  statis¬ 
tically  indistinguishable  from  those  found  at  lower  and 
higher  frequencies  in  die  34-36  GHz  range. 

Our  first  example  showing  the  variability  of  the  back- 
scanered  power  u  a  function  of  spatial  position  was  pre¬ 
sented  earlier  in  Fig.  S(b)  for  an  asphalt  surface,  and  the 
associated  probability  density  function  was  compared  tc 
(he  exponentui  distnbution  in  Fig.  6.  Similar  results  were 
obuined  for  snow  and  a  summary  of  the  observed  statis¬ 
tics  IS  given  in  Table  II. 

The  asphalt  resulu  given  in  Table  II  are  divided  into 
two  groups:  (a)  the  near-nadir  group  (0*  and  4’ ),  and  ibi 
the  higher-incidence-angle  group  ( 20*  and  40* )  This  di¬ 
vision  IS  necessary  because  the  mechanics  of  signzi  udi.'.g 
are  different  in  these  two  angular  regions  4t 
angles  near  normal  incidence,  the  backscjitereJ 
consists  of  a  coherent  component  P.  and  an  m.  I'cren 
component  P.  [3.  p  1812].  and  only  the  latter  -u-'  e-t 
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Brightnatt  Tamparatura  ot  Wai  Snow  to  signal  fading  fluctuations.  Thus 
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P  =  Pc  *  p.  (45) 

Sp  *  Sp,  (  46  ) 


and 


Sp  _  ^P 

Pc*  P. 


(47) 


For  the  in^herent  component.  Rayleigh  fading  suggests 
that  Sp,  ■  P,  (20).  Hence 


J*P./{Pc*P,)  (48) 

which  is  always  significantly  smaller  than  I  if  P,  is  sig¬ 
nificant  in  magnitude  relative  to  P,. 

The  coherent  component  P,.  is  largest  at  8  *  0.  de¬ 
creases  exponentially  with  increasing  d.  and  becomes 
negligible  in  comparison  with  P,  (for  most  natural  sur¬ 
faces)  at  angles  greater  thjn  a  few  degrees  [24|.  Conse¬ 
quently.  the  value  of  Sp/P  computed  on  the  basis  of  the 
experimental  data  was  found  to  be  0  35  at  8  »  0”.  0.59 
at  8  >  4*.  and  close  to  I  at  20*  and  40* . 

The  major  conclusions  reached  on  the  basis  of  the  sin- 
gk'frequency  observations  are 

1)  The  Rayleigh  model  is  a  reasonable  descriptor  of 
signal  fading  for  uniform  urgets.  This  is  supported  by  the 
good  agreement  shown  in  Fig.  6  between  the  measured 
pdf  and  the  exponential  distribution  and  by  the  result  that 
sp/P  a  I  for  both  a.sphalt  and  snow  (the  deviation  from 
an  ex;  ct  value  of  I  is  attributed  to  the  fact  that  the  sample 
size  is  only  SO.  and  therefore  the  values  of  sp  and  P  given 
in  Table  11  ate  merely  measured  estimates  of  the  true  val¬ 
ues). 

2)  No  discemable  difference  between  the  statistics  for 
the  beckscattcr  from  snow  and  those  for  asphalt  is  ob¬ 
served. 

3)  No  discemable  dependence  on  footprint  size  is  ob¬ 
served  over  the  range  of  values  examined  in  this  study, 
which  varied  in  footprint  area  from  0.07  to  3.24  mv  The 
corresponding  dimensions  of  the  major  and  minor  axes  of 
the  elliptically  shaped  footprint  were  0.29  m  x  0  29  m 
for  the  siTullest  footprint  and  I.7S  m  x  2.31  m  for  the 
largest. 


B.  Frequency  Averaging 

Fig.  1 1  displays  a  typical  example  of  the  frequency 
spectrum  of  the  measured  power  for  a  given  footpnnt  We 
observe  that  P  varies  relatively  slowly  as  a  function  of 
frequeiKy.  implying  high  correlatio.n  between  adjacent 
fiequerKy  points,  but  the  overall  variation  across  the  .'4- 
36  GHz  band  is  on  the  order  of  23  dB. 

The  improvement  (reduction)  in  spatial  vanabiliiv  ot 
the  return  provided  by  frequency  averaging  is  demon 
tinted  in  Fig.  12.  which  shows  both  single  freque--^ 
measurements  and  the  2-GHz  avenged  measurement . 
the  return  from  snow  as  a  function  of  spatial  poMii.  r  '  -c 
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Fi|  II  Typical  trace  of  the  frequency  vinaiiofl  from  M  (o  }6CHt  of  (he 
received  power  for  i  given  footpnnf  of  snow 


Fig  12  Reduction  of  signal  vanabiliiy  ihrougli  frequency  averaging 


associated  normalized  standard  deviation  is  1.0  for  the 
single-frequency  dau.  compared  to  0.27  for  the  fre¬ 
quency-averaged  data. 

It  Correlation  Function:  Now  we  shall  examine  the 
role  of  frequency  averaging  relative  to  the  theoretical  ex¬ 
pectations  presented  in  Section  III-B.  We  have  SO  traces 
corresponding  to  SO  independent  footprinu,  each  consist¬ 
ing  of  measurements  at  401  frequencies.  Let  us  denote 
P.i  r.)  as  the  measured  power  corresponding  to  spatial 
position  I  (with  I  «  I.  2.  -  -  '  .  SO)  and  frequency  ifj, 
where  v,  -  34  GHz.  -  (34  +  0.003(>  -  1))  GHz. 
and  7  «  1 ,  2.  ■  ■  ■  .  401 .  For  each  position  i,  we  compute 
the  autocovanance 

I 

-  -  S  [P,(p,)  -  ?1  -  ?J  (49) 

rtf  ]  •I 

and  the  .(ion  coefficient 


P.(A») 


(50) 


where  k  is  the  displacement  index.  Af/  ■  401  ~  k,  • 
Q.QOik  (GHz),  and  P  is  the  mean  value  of  P,{*i) 
aged  over  both  i  and  j.  The  correlation  coefficient  is  com¬ 
puted  for  integer  values  of  k  from  0  to  200.  corresponding 
to  a  range  of  from  0  to  I  GHz.  Once  this  process  has 
been  completed  for  each  position  i.  the  correlation  func¬ 
tion  p,  ( fSb )  is  averaged  over  all  i  to  obtain  a  better  esti¬ 
mate  of  Its  frequency  spectrum.  Thus,  the  measured  cor¬ 
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Fig  13  ComptnjoB  of  iheoreticil  auiocorreljiion  function  given  by  1 3''> 
with  ihal  computed  on  the  bam  of  the  spectral  measurements  oi  ine  radar 
backscaner. 


relation  coefficient  is  given  by 


0.  (  dir  )  . 


(51) 


A  plot  of  Pi,  ( dir )  is  shown  in  Fig.  13  for  snow.  The  figure 
also  includes  a  plot  of  the  expression  given  by  (37).  We 
observe  that  the  measured  correlation  coefficient  de¬ 
creases  with  increasing  frequency  shift  dr  in  an  exponen¬ 
tial-like  manner  and  at  a  rate  somewhat  faster  than  the 
theoretical  function.  Similar  results  were  observed  for  as¬ 
phalt. 

2)  Normalized  Standard  Deviation:  From  (37)  jnd 
(40).  the  normalized  standard  devijtion  associated  with 
the  received  power  P.  when  averaged  over  a  bandwidth 
B,  is  given  by 


sAB) 

P 


[IL'O-i) 


(s:) 


where  {  •  Ar.  Fig.  14  shows  plots  of  the  normalized 
standard  deviation  as  given  by  |52)  w<(h  pidn  = 
p«(Ar).  (he  measured  correlation  function,  and  with 
p(Ar)  as  given  by  (37).  The  figure  also  includes  a  plot 
of  (lie  normalized  standard  deviation  as  computed  directly 
from  measured  dau.  For  a  given  bandwidth  B.  sp  is  based 
on  the  values  of  P  measured  at  all  frequencies  between 
S/2  below  and  S/2  above  35  GHz.  We  observe  ihat  the 
"measured"  nonnalized  sundard  deviation  is  close  to  the 
curve  calculated  using  the  ihenretical  expression  tor 
p(  Ar)  given  by  (37)  and  that  using  the  expenmenial  (unc¬ 
tion  p«(A»). 

To  provide  a  simple  fori.nula  for  esiimating  Spi  B)  P. 
we  propose  to  use 


1.  for  S  s  Ai-, 


with  Sv'p  selected  to  provide  a  good  fit  lo  ihe  Jju 
process  led  lo 


Ari  ■138/0,  (in  .megahertz i 
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Fi|  14  Niirmaltied  >und«r(t  <icvuiiun  •ervuA  band«iOih  A  Thci'rcii 
J4i'  ref*r»  lo  <32l  wich  0<  |i«<n  by  1 37),  "Me»urfd  '  reicr'.  i>>  i.'; j 

»iib  0)  ,)»i  ■  td)  Snow  0ml  lb)  isphali. 


Pit  15  Com^nto*  of  meawfvd  normaliird  lundiid  d(vi0iH>n  wiin  nil 
|l«  model  iivtn  by  i53)  *nd  |54| 


and  IS  shown  graphically  in  Fig.  15.  In  (he  above  expres¬ 
sions.  B  IS  in  megahertz  and  D  ((he  slant-range  resolution 
defined  in  Fig.  9)  is  in  meien. 

Tiiese  formulas,  which  provide  an  excellent  fit  to  the 
measured  normalized  standard  deviation  for  N  z  2.  in¬ 
dicate  that  (he  effective  decorrelation  bandwidth  is  ap¬ 
proximately  equal  to  the  theoretical  value  predicted  by 
(38) 

VI  Results  op  the  Bistatic  Scattebinc 
Obsebvations 

The  scattemmeter  system  that  was  used  to  acquire  the 
baukscattering  data  reported  in  the  preceding  section  had 


been  designed  to  operate  in  a  b'static  mode  as  well  [22| 
Bisutic  scanenng  measurements  were  made  for  several 
sand  and  gravel  surfaces  using  the  arrangement  showr,  )n 
Fig.  16.  Deuils  of  the  results  and  their  significance  are 
given  elsewhere  (25);  our  present  interest  pertains  to  the 
vanability  of  the  bistatically  scattered  signal  only  More¬ 
over,  we  shall  limit  the  discussion  to  a  typical  example 
In  one  of  the  bistatiC  scattenng  expenmems.  the  re 
ceived  power  was  measured  at  many  azimuth  angles  o 
ranging  between  10*  and  180*  for  fixed  and  equal  ■  ilue^ 
of  the  incidence  angle  d,  and  scattered  elevation  angle  -< 
namely  8,  ■  8,  ■  66*.  The  configuration  wnh  a  =  "n 
corresponds  to  the  specular  case  At  each  angle  i 
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Fi|  16  Ci«’4:ic  amniement 


Smooth  Sand  (HH  polarUatlon) 


F  |  I’’  Siandinl  deviation  10  n«an  niio  vtrtut  ilw uimuih  «n(lc  tor  ilw 

e. viatic  Kaiicnni  mcaiurcmcnii  for  vmootll  und  Each  dau  point  la 

Ba><d  on  mcaiufTiTtcnu  of  lU  ipaiial  poamoM  (fooipnnu) 

received  power  wu  measured  for  10  independent  (non¬ 
overlapping)  fooipnnu  on  the  ur;et  surface.  This  wa.s  ac- 
compl'  '  .'d  by  paniaily  roriiing  the  urgei  platform  be¬ 
tween  successive  meuurements.  In  each  case  the  recorded 
power  was  the  received  power  averaged  over  the  34-36 
GHa  band. 

Fig  17  presents  a  plot  of  tflP  as  a  function  of  6  At 
each  value  of  Sp.  and  f  were  calculated  using  the  10 
observations  desenbed  above.  Except  for  the  near-sptw- 
ular  directions  («  a  180* ).  the  normalized  sundard  de¬ 
viation  exhibited  an  approximately  consuni  value  of  0  2 
The  equivalent  total  number  of  independent  samples  is  ,V 
=  M  0  2)'  =25  Thus,  frequency  averaging  provides 
about  2  5  independent  samples  per  spatial  sample  The 


power  scattered  in  the  specular  direction  was  dominated 
by  coherent  scanering  that  is  n.n  subject  to  fading  Con¬ 
sequently,  the  measured  normalizes  sundard  deviation 
was  found  to  be  only  O.OIS.  This  result  is  analogous  with 
the  backscanering  result  for  the  normal  incidence  case  1  see 
(48)  and  Table  (I). 

VII.  Conclusions 

This  paper  has  shown  that  the  Rayleigh  fading  model 
is  indeed  appropriate  for  characienzing  the  fluctuation 
sutistics  associated  with  radar  scanenng  from  terrain. 
provided  the  urget's  properties  satisfy  the  model's  un¬ 
derlying  assumptions.  One  of  these  properties  is  spatial 
uniformity.  If  the  terrain  urget  is  an  asphalt  surface, 
snow-covered  ground,  or  a  grass  surface,  the  Rayleigh 
motlel  gives  results  in  good  agreement  with  expenmental 
observations  at  33  GHz  for  both  backscaitenng  and  bi- 
sutic  scanering.  When  frequency  averaging  is  used  to  re- 
d'lce  the  vanability  of  the  radar  return,  however,  the  for¬ 
mulations  based  on  the  Rxyleigh  model  ^navde  a  good 
estimate  of  the  improvement  provided  by  frequency  av¬ 
eraging. 
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Extinction  Behavior  of  Dry  Snow  in  the  18-  to  90- 

GHz  Range 

MARTTI  T  HaLLIKaINEN.  senior  member,  ieee.  FAWWaZ  T.  L'LABf.  fellow,  ieee.  ^ND 

TAHERA  E.MILIE  VAN  DEVENTER 


Aturmet—n*  (xtinctloa  propantet  ot  ttrtral  dry  tmtw  typat  war* 
(xuniBaB  la  iha  IB-  to  W-Ct!i  raaf*.  Tha  UMw  lypaa  r«a«atf  ftwa 
iiawly  taUaa  taow  i*  rafraiaa  «••«.  tad  Um  daatlty  *a4  aaaa  |nla 
fua  rtriad  rreta  A.  17  t*  B.JB  g/ca'  taB  Froai  •.]  ta  l.B  nipat- 
liaalj.  Froa  maaiamaaau  of  tha  triaiiataitoa  toa*  la  a  faactlaa  af 
saapia  iBleliaaa  ai  a  ttaparaiar*  of  - 1  j*C,  tfea  axtiactioa  caaflclaat 
aa4  (A*  lurfaer  KaRarlag  toaa  Idua  (o  tartact  raagkaaa  ai  (A*  froat 
aad  back  uirfac**  of  ib*  taow  ilab>  war*  dttaraiaad  for  aacb  laaw 
trp*.  Th*  axpariaaatal  rala**  war*  coaparrd  tfaiam  thooratieal  r*- 
lulu  coapatad  accordiag  la  th*  firoag  BaetaaH*a  thaary.  la  gasaral. 
goad  agraiaiai  wHh  ih*  axpaiiaaaul  data  wm  ~*-itlaid  m  It.  j!,  aad 
id  GHi  whaa  th*  grata  it»  aaad  la  -.h*  ihaaratral  cakalarteaa  wm 
choaaa  ta  b*  illgbtlr  aaatlar  thaa  th*  abaaraad  laow.partlcl*  liaa. 
Howarar,  th*  aatlaetlaa  coaflclaPt  of  larga-gralaad  raffaaaa  laow  m 
pradktad  by  th*  xtraag  taetaattaa  tbaary  I*  aach  tarfor  at  M  CHi 
thaa  th*  raiaaa  dairnalaad  aapaiiaiiaialty.  Th*  attaaaatlaa  la  >aa« 
WM  abMmd  ta  lacraaM  aaly  aligbtty  wtch  awroMlag  tOMpantar*  la 
th*  -}Sto  -I’C  raa«*. 


I.  IffmooycnoN 

The  feasibility  of  microwtve  ndiometen  tnd  ii- 
dtrs  to  provide  informttion  on  setsootl  snow  cover 
has  been  evaluated  in  several  experimental  proframs.  in¬ 
cluding  both  ground-based  (li-CH  and  satellite  (SHIO) 
investigations.  Recently,  the  frequency  lange  of  the  ex- 
penmental  programs  hu  been  exientM  to  90  GHz  (3], 
(41,  [7].  However,  the  basic  tools  to  interpret  the  lesulu 
from  those  measuiemenu,  namely  the  dielectric  and  scat¬ 
tering  properties  of  snow,  are  not  kac  vn  r/  th  adequate 
accuracy.  At  present,  expenmental  microwave  dielectric 
dau  combined  with  verified  dielectric  models  (the  real 
and  imaginary  pan  -^f  the  complex  dielectric  constant  t, 
"  *i  ~  J*‘ )  available  u  foUowa;  g;  -  y«*  for  wet 
snow  and  for  dry  snow  at  frequeacies  up  to  37  GHz 
[III.  and  ('  for  dry  sno..'  at  frequeacies  up  to  13  GHz 
il2i.  (13).  Using  a  ratexnetnc  technique,  t*  wu  recently 
measured  up  to  94  GHz  for  two  snow  deruibes  by  elimi¬ 
nating  the  effect  of  scatteriog  (7].  The  temperature  depen¬ 
dence  of  <;  IS  very  small,  whereas  «,*  increases  with  in¬ 
creasing  temperature.  Since  one  of  the  primary  uses  of 
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microwave  sensors  for  snow  measurements  will  be  rj- 
tneval  of  the  water  equivalent  of  dry  snow  cover,  high- 
frequency  dau  on  the  dielectnc  and  scattenng  loss  of  dry 
snow  are  needed. 

The  total  loss  of  dry  snow  is  expressed  by  the  extinction 
coefficient,  which  includes  both  absorption  loss  and  scat¬ 
tering  loss.  At  low  microwave  frequencies  (snow-panicle 
size  is  much  smaller  chan  the  wavelength)  absorption  is 
the  primary  loss  process,  whereas  at  high  microwave  and 
all  imllimeterwave  frequencies  (snow-particle  size  is  of 
the  same  order  of  iiugnitude  as  wavelengvh)  scattenng 
dominates  over  absorption.  According  to  Mie  theory  cal- 
culauons  for  a  snow  panicle  with  a  diameter  of  I  mm. 
scattering  domioatea  at  frequencies  above  IS  GHz  (\4] 

Few  experimental  investigauons  on  the  anenuation  of 
dry  snow  have  bee"  teponed  at  millimeter  wave  frequen¬ 
cies  [2],  [7],  [IS],  (l(i].  iTie  snow  parameters  were  not 
documented  ia  a  detailed  manner  to  allow  the  denvation 
of  any  quantiutive  expressions  for  the  extinction  coeffi¬ 
cient  and  the  surface  lou  u  a  function  of  snow  propcnies. 

In  the  present  l."ve3tigaiion,  the  extinction  coefficient 
and  the  surface  loaa  for  :«venl  snow  types  were  obuined 
from  transmisaiofl-lou  measuRmenu  of  snow  slabs  as  a 
function  of  sample  thicknes..  The  effects  of  frequency, 
snow-panicte  size,  snow  metamorphism,  and  temperature 
were  investi|atcd  in  a  detailed  manner.  The  expenmental 
reauita  were  compared  with  tbcotcticai  values  obuined 
from  the  strong  fluctuauon  theory  [17],  Recent  evaJua- 
tiona  of  this  theory  suggest  that  it  can  be  applied  to  cal¬ 
culate  the  effective  dielectric  constant  and  the  extinction 
coeffleieot  of  snoi^  u  well  as  the  bnghtness  temperature 
of  snow-covered  tenuo  [18]. 

Q.  Txansmission  Model  fox  Snow  Slab 

The  following  discussion  concerning  the  transmission 
of  a  plane  wave  through  a  slab  of  scanerers  is  mainly 
based  on  a  represenution  available  in  the  literature  [19] 
Since  a  detailed  derivation  of  an  approxitrute  solution  to 
the  problem  has  been  given  prev>ously  (20].  only  a  bncf 
discussion  is  included  m  this  paper. 

The  geometry  of  the  pFv  blem  is  depicted  in  Fig  l  The 
total  intensity  incident  on  the  slab  is  denoted  by  / 1  0  ^  = 
Iq.  The  intensity  tran.«miaed  through  the  air-sno^*  ni;r 
face  IS  reduced  by  T.  tN.  Fresnel  power  iransmissi.'r 
ficient,  and  by  5.  a  surface  roughness  factor  ’nai  j. . 
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for  scattenng  by  a  nbnspecular  surface.  Thus 

/(0*)-/o75.  (1) 

A  relatively  simple  model  for  5  chat  has  been  used  in  con¬ 
nection  with  soil-surface  scatienng  [21]  cakes  the  form 

exp[-(2V)'r  (2) 

where  kij  ■  2t/Xo  and  s  is  the  effective  rms  height  of  the 
surface  fluctuation.  In  practice,  this  model  is  reasonably 
adequate,  although  the  value  of  s  needed  to  match  exper- 
imenul  dau  usually  is  smaller  than  the  measured  tms 
height  of  the  surface.  Combining  (1)  and  (2)  leads  to 

/(O*)  - /orexp(>(21toi)'].  (3) 

In  the  snow  medium,  the  toul  intensity  consists  of  a 
coherent  component  and  an  incoherent  component  I, 

Hi)  -  lAz)  *  l.iz).  (4) 

The  coherent  intensity  attenuates  due  to  both  absorption 

and  scanering 

4(2)  - (3) 

where  the  extinction  coeffleient  is  the  sum  of  the  ab¬ 
sorption  coefficient  ««  and  the  Kattehng  coefficient  a, 

*.■*.•*■  *i.  (6) 

The  forward-scanered  incoherent  intensity  is  fiven  by 

Ishimaru  [20.  pp.  268-274],  assuming  that  the  scattenng 
IS  mostly  concentrated  in  the  forward  dxrectiofi.  u 

/,(:)- /(O’)  qle-*- -  e—]  (7) 

where  q  represenu  the  frictioa  of  the  toul  scattered  power 
intercepted  by  the  beam  angle  of  the  receiving  antenna. 
The  toul  power  transmitted  acrou  the  boundary  at  z  »  d 

IS 

lid-)  -  [4(d-)  1,  -))n 

-  -  e-'-)).  (8) 

The  loss  factor  L(dB)  \i  defined  as 

L{dB)  -  -10  log 

L  »o 

-  34.72kif‘  -  10  log  (e"^ 

^  qit-^  -  r‘  -  I.  (9) 

For  a  small  slab  thickness  d  such  that  exp  (  -«,d)  » 
</(  exp  (  -  t,d  )  -  exp  (  -«,J  )  |.  the  coherent  intensity  is 


Fif .  2.  PiM  of  the  innsmission  loii. 


the  dominant  contnbutor  to  /  and  (9)  may  be  approxi¬ 
mated  as 

L(dB)  a  L,idB)  *  4.34<,d  i  lOl 

where  L,{dB)  ■  34.721tor^  is  the  loss  factor  attnbuted  to 
surface  roughness  at  the  two  slab  boundanes.  For  a  large 
slab  thickness  such  that  exp  (  -x,d)  «  q[exp  i  -s.ii  i 
-  exp  ( -K,d)l,  the  incoherent  intensity  modified  by  q 
becomes  the  only  significant  remaining  component  of  the 
otiginal  incident  power,  and  (9)  may  be  approximated  as 

L{d3)  a  L,(dS)  —  10  log  q  4.34«,d.  (11) 

Thus,  because  of  multiple  scanering,  the  rate  of  attenua¬ 
tion  for  propagation  through  a  thick  sample  becomes  pro¬ 
portional  to  («  rather  than  t,  because  the  loss  due  to  scat¬ 
tering  is  approximately  equal  to  tlie  generation  of 
incoherent  iiueasiiy  by  scanering. 

According  to  the  preceding  model,  if  we  measure  the 
traasmission-iou  factor  L(d3)  u  *  function  of  the  slab 
tliickaesa  d.  the  following  four  parameten  can  \-s  deter¬ 
mined:  1)  the  extinction  coefficient  «,  (from  Slope  I  m 
Fig.  2),  2)  the  absoiption  coefficient  i,  (from  Slope  2  m 
Fig.  2).  3)  the  effective  rms  height  of  the  surface  s  i  from 
L,).  and  4)  the  parameter  q  (from  the  absolute  level  of  the 
curve). 

Equaboa  (ID  was  not  used  to  detennine  in  the  pres- 
em  InvesQgation.  This  would  have  required  the  measure¬ 
ment  system  to  be  able  to  measure  transmission  losses  as 
high  u  about  70  dB.  Hence,  the  accuracy  of  (11 1  coulo 
not  be  evaluated  either.  It  is  relevant  to  note  that  the  iota 
aoenuatioo  of  tree  foliage  (observed  range:  1 1  to  SO  jB 
has  been  found  U)  follow  a  behavior  similar  to  that 
in  Fig.  2  |22]. 

Cn.  Expewmental  Auxangement 
A.  Snow  So’fiplts 

All  snow  measuremenu  were  conducted  under  jb -  r: 
tory  conditions  at  the  Radio  Labontory.  Helsmiii  Ln 
venity  of  Technology.  The  snow  samples  were 
from  natural  snow  cover,  including  both  the  .  c  j-d  - 
bonom  layers.  Extreme  tare  wu  uken  not  to  d  -  .“ 

structure  of  the  samples  Theextrasnowjr.  :.- 
iial  sample  (dumeter  38  .m.  maximum  tbxk  -. 
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Sunpiti  I  to  IS  were  mcuurid  u  a  fuactioa  of  umpta  thickacta  and  lampita  19  to  23  u  a  functioa  of  tcmpcraiuit. 


wu  removed,  the  upper  surface  wu  smoothed  with  a 
straight  edge,  and  the  sample  holder  wu  placed  upside 
down  on  top  of  the  sample:  the  sample  wu  then  cut. 
turned  right-side  up.  and  its  lower  surface  wu  smoothed. 

A  total  of  23  snow  samplu  were  acquired  between  (Feb¬ 
ruary  5  and  Apnl  30.  1983  (Table  I).  Samples  t  to  18 
were  used  to  determine  the  exunctioo  coefficient  and  sur¬ 
face  lou  for  different  snow  typu  at  -  13*C.  whereu 
samples  19  to  23  were  used  to  investigate  the  temperature 
dependence  of  the  exunction  coefficient.  The  samples  ac¬ 
quired  in  February  were  new  snow,  wbeteu  those  ac- 
ouired  in  late  March  and  Apnl  were  refhnen  snow.  The 
melt-freeae  period  (warm  days,  cold  nighu)  in  late  March 
and  Apnl  wu  exceptionally  long  in  1983.  allowing  the 
development  ot  a  thick  crust  layer  on  the  snow  surface. 
Consequently,  the  samplu  acquired  even  from  the  top¬ 
most  snow  layers  in  April  were  reasonably  homogeneous 
in  terms  of  grain  sue  and  density,  which  is  not  the  case 
during  a  normal  winter. 

The  density  of  a  sample  wu  detenriiised  from  iu  vol¬ 
ume  and  mus.  For  casu  I  to  II  ia  Table  I.  these  param¬ 
eters  were  determined  for  every  thicknus  of  each  snow 
sample  in  order  to  check  for  deuity  varisoons.  The  den¬ 
sity  range  among  all  lha  samplu  wu  C.  17  to  0.39  g/cm’. 

The  average  grain  size  and  the  surftce  roughneu  were 
determined  from  photographs  taken  with  a  macro  leu. 
For  phoiogiaphs,  small  samplu  of  each  tuow  type  were 
placed  on  ^  glus  plate  equipped  with  a  millimeter  scale. 
It  IS  emphuized  that,  althou^  extreme  care  wu  taken  to 
provide  accurate  grain-size  estimatu,  the  absolute  valuu 
may  have  a  biu.  However,  it  is  believed  ihu  the  reletive 
accuracy  of  ihe  grain-size  esiimatu  ia  good.  For  non- 
sphencal  snow  panicles,  the  mean  gram  diameter  estt- 
maie  is  based  on  volume  In  case  of  clustenng,  the  par- 
ticle-size  esiimaie  is  for  individual  crysuls. 


B.  Measurtmtnt  Procedure 

The  iiaumiMion  lou  for  cases  1  to  18  (Table  I)  was 
meuured  at  10.  18,  33.  60.  and  90  GHz  using  free-space 
traummion  systems.  In  free-spacr  transmission  mea- 
surements,  a  sample  is  placed  t^tween  the  transmitting 
and  ivceiving  antennu  and  an  electrotragnetic  plane  wave 
is  tiaumined  through  the  sample.  ITie  use  of  the  free- 
space  technique  for  dielectric  meuurements  is  discussed 
in  (23]  and  [11].  In  addition,  the  phase  shift  due  to  :hc 
sample  wu  meuured  at  10  GHz  for  uch  sample  thick- 
neu  to  provide  SiiKc  t',  and  the  dry  snow  density  p  are 
related  [11]  by 

-  I  +  i.9p  ( 12) 

in  the  microwave  range,  the  meuured  can  be  used  to 
venfy  the  deuity  valuu 

After  cotopletiag  r*-  .ement  in  the  10-  to  90-CHz 

ruge  each  sampla  wu  c>m  thinner  tod  the  meuurement 
procedure  wu  repeated.  The  minimum  sample  thickness 
uaed  ia  this  iaveangaboo  wu  1.3  cm.  For  cases  19  to  23. 
the  tnaaauuioo  lou  at  each  frequency  wu  measured  is 
a  fuactioaof  temperature  in  the  -33  to  -  rc  range  The 
sample  thicknua  ia  each  cue  wu  10  cm.  The  first  set  of 
measuremeau  wu  made  at  -33*C;  the  temperature  then 
wu  iacreaaed  to  the  next  duired  value  and  the  measure- 
mena  wen  repeated.  One  temperature  step  per  day  was 
uaed  to  guariatu  stabilLmuon  of  the  temperature  wiihm 
the  sample.  Ia  order  to  avoid  damage  u  the  sample  .ur 
facu  ia  the  environmental  chamber  (from  air  blovers. 
etc.),  the  styrofotm  sample  holder  wu  always  covered 
with  a  styrofoam  lid. 

Upon  completion  of  the  traumission-loss  meivu'e 
ments  at  -I'C,  three  "f  the  samples  were  cooieo  c. 

CO  -13*C  and  the  transmission  loss  was  .neiiurec  •  r 
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sample  thicknesses  of  7.  5.  3.  and  1.3  cm.  This  allowed 
the  loss  behavior  for  each  snow  type  to  be  compared  with 
that  of  the  neighbonng  sample  (see  Table  I).  For  exam¬ 
ple,  sample  nos.  7  and  f9-were  acquired  simultaneously 
from  the  same  place  ( 1  m  apart)  and  depth. 

During  the  measurements,  the  samples  were  handled 
and  stored  at  -  I5’C.  The  sample  holder  and  the  lid  (both 
made  of  styrofoam)  provided  the  necessary  thermal  in¬ 
sulation  dunng  the  measurement  (the  ftee-space  transmis¬ 
sion  systems  were  at,  room  temperature). 

The  distance  between  the  transmining  and  receiving  an¬ 
tennas  vaned  from  60  cm  (60  GHz)  to  73  cm  (90  GHz). 
Horn  antennas  were  employed  in  all  free-space  systems. 
The  maximum  loss  that  the  measurement  system  could 
handle  was  about  33  dB  at  90  GHz.  47  dB  at  60  GHz.  and 
40  dB  at  33  and  1 8  GHz.  Since  the  transmission  loss  of 
snow  samples  increases  with  increasing  frequency,  the 
sample  thickness  was  limited  by  the  maximum  loss  that 
the  90-  and  60-GHz  systems  could  measure. 

IV.  Experimental  Results 
A.  Transmisuon  Loss 

Due  to  the  structural  variations  within  each  snow  sam¬ 
ple,  the  transmission  loss  was  found  to  depend  substan¬ 
tially  (the  largest  observed  variation  wu  t5  dB  for  an 
average  loss  of  30  dB )  on  the  location  of  the  sample  be¬ 
tween  the  transmining  and  receiving  antentus.  Conse¬ 
quently,  the  loss  at  each  frequency  was  measured  u  a 
function  of  the  sample  location.  The  sample  was  moved 
systemaucally  both  Kross  (to  some  extent)  and  in  the  di¬ 
rection  of  power  propagation;  the  lost  wu  recorded  using 
a  pen  recorder.  The  lou  value  used  in  this  paper  for  a 
given  snow  sample  is  the  average  value  of  the  recorded 
signal.  The  results  of  the  transmission-lou  measuremena 
for  different  sample  thicknesses  are  given  in  Fig.  3.  The 
sample  numbers  refer  to  those  in  Table  I.  giving  the  tem¬ 
poral  order  of  meuurements.  The  precision  of  the  results 
in  Fig.  3  is  estimated  to  be  ±0.3  dB  for  the  lowest  values 
(  -  I  dB)  and  ±2  dB  for  the  highest  vahies  (  -30  dB). 
The  meuured  lou  values  at  10  GHz  are  practkaUy  zero 
for  all  samples:  hence,  they  are  not  shown. 

The  mam  observations  from  Fig.  3  are;  1)  the  oans- 
mission  loss  increases  with  iocrsastag  frequency  and  in- 
creuing  grain  size  (tee  Table  1).  2)  the  lou  depends  lin¬ 
early  on  sample  thickneu  at  18  and  33  GHz;  at  60  and  90 
GHz  the  nonlinearity  of  the  relatioitthip  increases  with 
incrtuing  snow-particle  size,  3)  the  surfoce  lou  foctor  L, 
(estimated  by  extrapolating  the  transmiuton  lou  down  to 
zero  sample  thickneu)  is,  in  most  cases,  negligible  at  IS 
and  33  GHz.  but  it  may  be  u  large  u  20  dB  at  60  and  90 
GHz  for  lefrozen  snow. 

Companson  of  the  experiiTMntal  results  shown  in  Fig. 
3  with  the  model  behavior  in  Fig.  2  indicates  that  slope  I 
(extinction  coefficient)  can  be  estimated  euily  from  the 
data  in  Fig.  3.  but  that  is  not  the  case  for  slope  2  (absorp¬ 
tion  coefficient)  In  order  to  obtain  the  absorption  coeffi¬ 
cient.  the  measurements  should  extend  over  a  much  larger 


range  of  the  sample  thickness.  This  would  have  required 
the  measurement  system  to  be  able  to  measure  transmis¬ 
sion  losses  u  high  u  about  70  dB.  The  maximum  loss 
the  present  free-space  system  at  90  GHz  can  measure  is 
33  dB. 

The  temperature  dependence  of  the  transmission  loss 
was  observed  to  be  negligible  in  the  -33  to  -  10*C  range 
(cases  19  to  23  in  Table  I).  Between  - 10  and  -  l“C  the 
experimental  loss  increases  with  increuing  temperature. 
The  measured  loss  values  are  compared  with  theoretical 
results  from  the  strong  fluctuation  theory  in  Section  V. 

S.  Extinction  Coefficient  and  Surface  Loss 

The  extinction  coefficient  and  the  surface  loss  were  de¬ 
termined  for  each  case  by  fining  a  straight  line  to  the  mea¬ 
sured  transmission  loss.  For  snow  types  exhibiting  a 
quasi-Iinear  relationship  between  L  and  d.  all  the  data 
points  were  used.  This  was  the  case  for  practically  all  13- 
and  33-GHz  results  and  low-loss  types  at  60  and  90  GHz. 
For  snow  types  exhibiting  a  nonlinear  variation  between 
L  and  d.  only  the  dau  points  falling  on  the  first  linear  part 
of  the  curve  (see  Fig.  2)  were  employed.  Typically,  the 
number  of  dau  points  used  in  that  case  was  three.  The 
intercept  of  the  straight  line  gives  the  surface  loss  factor 
L,  (in  decibels). 

The  values  of  the  extinction  coefficient  and  the  surface 
loss  factor  determined  using  the  above  procedure  are  listed 
in  Table  Q.  For  convenience,  the  values  are  given  in  dec¬ 
ibels  instead  of  nepers.  To  convert  decibels  to  nepers,  the 
values  must  be  divided  by  4.34. 

It  is  evident  firoin  Table  Q  that  both  the  extinction  coef- 
ftc'ent  and  the  surface  loss  faaor  exhibit  strong  vanations 
with  snow  type.  For  newly  fallen  snow,  the  extinction 
coefficient  at  90  GHz  is  only  10  to  7.0  dB/m.  compared 
to  -400  dB/m  for  some  samples  oi  refrozen  snow 

The  following  empirical  expressions  were  developed  to 
relate  <,  (in  decibels  per  meter)  to  the  observed  snow- 
particle  diameter  do: 

w  1.3  -h  7.4do’;  in  decibels  per  meter  at  18  GHz 

(  13a) 

a,  a  30di ';  in  decibels  per  nwter  at  33  GHz 

(  I3b) 

«,  -  l80do®;  in  decibels  per  meter  at  60  GHz 

(  I3c ) 

«.  -  3004’;  in  decictis  per  meter  at  90  GHz. 

(  1 3d  I 

The  observed  panicle  diameter  4  is  in  millimeters 

Equations  (13a)  to  (13c)  can  be  combined  mio  a  single 
equatiofl  of  the  form 

«,  -  0  0018/' *4®; 

in  decibels  per  meter  for  18-60 '3 H.’  4 
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In  ( 14).  /  IS  in  gigaheru  «nd  J  is  in  millimcten.  Equn- 
HOP  ( 14)  holds  for  panicle  sues  below  1 .6  mm  in  the  18* 
CO  60-GHz  range.  For  90  GHz,  (1 3d)  should  be  used  in¬ 
stead. 

From  the  surface  loss  values  in  Table  0.  the  elTsctive 
rms  height  was  calculated  from 


where  L,  is  the  surface  loss  in  decibels  and  fco  is  the  weve 
number  m  free  space.  The  ezpenmemal  suffice  loss  val¬ 
ues  at  60  GHz  are  compared  with  those  at  90  GHz  in  Fig. 
4(a).  and  the  corresponding  effective  rnu  heighu  are  com¬ 
pared  in  Fig.  i(b).  The  effective  rms  heights  at  the  two 
frequencies  are  strongly  correlated  (A  »  0.863)  with 


between  the  observed  (Table  I)  and  caicul  ed  .-ig  4) 
values  for  the  surface  roughness  shows  chat  it.,  calculated 
values  art  much  smaller. 

The  surface  lou  at  90  and  60  GHz  was  observed  to  be 
negligible  for  new  snow  and  to  increase  linearly  wnh  in¬ 
creasing  obacrved  grain  size  for  refrozen  snow  types 

£,(90  GHz) 

fO  dB.  for  dn  <  0  6  mm 

■  117) 

(.  - 10.87  +  18.63do,  for  2  0.6  mm 

£,  (60  GHz) 

0  dB,  for  4U  <  0.7  mm 

( :8) 

-6.86  l0.27do,  fordo  2  0  7  mm 


■  0  019  0.9S8i«o(in  imUimetets)  (16)  v.  CoMPAaisoN  or  Expcmmental  and  Theoretic 

where  and  s<n  are  the  rms  heights  at  60  and  90  GHz.  Results 

respectively  This  relationship  is  very  close  to  ■  5«o<  The  strong  fluctuation  theory  was  applied  bs  Su^zivr 

which  IS  what  the  model  in  (2)  would  predict.  Comparison  (17).  (18)  to  calculate  the  effective  compies  J  electn.: 
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SURFACE  ROUGHNESS  (  R.  0  863) 


Fi|  *  CompuiMn  at  (a)  expcntncntal  luitaca  '.ou  vaJuct  ifrom  Tabic 
11).  and  (i»  concspondifll  effecuve  turfact  reu(biicaa  valuca  (from  (13)) 
at  60  and  90  CHa. 
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consunt  of  dry  snow  t,  using  «a  expooential  coneUtion 
function  with  a  concUUon  lengxb  giv«a  by 

/•}(!-  v,)d  (19) 

where  v,  is  the  volume  fticdon  of  ice  in  the  snow  aad  d 
<s  the  tverage  grain  diameter  (18).  Tbe  assutsptioa  of  an 
exponential  correlation  function  is  supported  by  experi¬ 
mental  dau  oiscussed  in  (24).  The  formulation  (18)  for 
the  effective  dielectitc  constant  t,  accounts  for  b(^  scat¬ 
tering  and  absorption  by  the  ice  particles  in  the  snow  me¬ 
dium.  The  extinction  coefficient  can  be  obtained  readily 
from 

Ml-  (20a) 

The  expression  in  '.20a)  is  analogous  to  that  for  the  ab¬ 


sorption  coefficient 

«,  ■  2*o|lni  («J  ^)|.  I  :0b  I 

In  order  to  calculate  i„  we  need  to  know  the  quasi 
static  value  of  tbe  dielectric  constant  of  drv  snow  The 
iTBl  part  of  *,  has  been  observed  to  follow  (12)  in  ihe  I 
ti  37-OHz  range.  Since  i’  for  ice  is  practically  constan' 
in  the  1-  to  lOO-GHz  range  (23),  (12)  can  be  assumed  ic 
bold  in  the  1-  to  KXMjHz  range  also.  For  e,'.  however 
experimental  dau  exist  only  for  frequencies  below  i  ^  GH; 
(12).  For  the  purposes  of  this  paper,  we  shall  adopt  tht 
following  mixing  model  (14): 
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where  i/,  is  the  volume  fnetioa  of  ice  ia  the  saow  medium 
and  subsenpu  s  and  i  refer  to  snow  and  ice.  respectively. 
Dau  for  «,*  as  a  function  of  frequency  and  lempcreture 
were  ohuined  from  (13). 

Fig  3  shows  plou  of  a,  that  were  computed  using  (20a) 
after  computing  t,  using  the  formulation  given  in  (18). 


■a  3 

Because  the  assumption  of  no  correlation  between  the 
snow  density  and  the  average  gram  size  is  not  realistic,  a 
regression  analysis  between  the  measured  densities  and 
estimated  grain  sizes  in  die  present  dau  was  performed 
resulting  in 

p  »  0.139  +  0.136do  (22) 

where  p  is  the  density  in  grams  per  cubic  centimeters  and 
do  is  the  observed  grain  size  in  millimeters.  Fig.  3  shows 
iheotetical  k,  values  for  both  p  »  0.3  g/cm^  and  for  p 
from  (22).  TTie  effect  of  density  on  *,  is  significant  only 
for  small  particle  sizes.  For  companson.  Fig.  6  shows  the 
absorption  coefficient  for  snow,  calculated  from  (20b)  and 
(21). 

Comparison  of  Fig.  3  with  Fig.  6  indicates  that  at  33. 
60,  and  90  GHz,  the  scattering  coefficient 
is  much  larger  than  the  absorption  coefficient  for  all  re¬ 
alistic  grain  sizes.  At  18  GHz.  absorption  and  scaitenng 
losses  are  comparable  in  magnitude  for  small-grained 
snow. 

In  order  to  compare  values  of  t,  from  the  strong  fluc¬ 
tuation  theory  with  the  expenmenul  dau.  theoretical  val¬ 
ues  were  computed  for  the  18  snow  types.  In  each  case, 
the  snow  density  was  kept  consum.  and  the  gram  size  was 
treated  as  a  free  parameter  whose  value  was  chosen  such 
that  it  gave  a  theoretical  extinction  coefficient  equal  to  the 
measured  value.  By  repeating  this  for  each  of  the  18  snow 
types,  a  set  of  mcdel-derived  grain  sizes  was  obumed  at 
each  frequency. 

Fig.  7  is  a  scatter  diagram  of  d,.  the  model-denved 
giain  sizes,  versus  the  obaerved  gram  sizes  do.  The  model- 
derived  values  at  18  GHz  are  larger  and  those  at  33.  60. 
and  90  GHz  are  smaller  than  the  observed  values.  The 
linear  expressions  shown  in  Fig.  7  are  given  by 

d.  -  0.26 -F  0.91do  at  18  GHz  (:3a) 

<4  -  -0.13  ■(■  0.824,  at  33  GHz  (:3b) 

4.  -  -0. 13  -F  0.834,  at  60  GHz  ( 23c ) 

'-O.ll  +  0.674,. 

for  d^  s  0.9  nun.  at  90  GHz 
4.  -  '  I  23d , 

0.31  -F  0  184,. 

for  4)  >  0-9  mm,  at  90  GHz. 

The  slopes  of  the  linear  equations  at  18.  33.  and  6C 
GHz  ia  (2.'^)  are  reasonably  close  to  1 .  The  expenmer.ul 
values  of  a,  at  18  GHz  may  be  biased,  due  to  the  lov 
values  of  tte  tnnamiasioa  lou  L  (mostly  below  l  dB 
evea  for  thick  saow  samples,  k  is  remarkable  that  the 
expresaiottt  for  4.  at  33  ai^  60  GHz  are  almost  identical 
This,  combined  with  the  similar  slope  ti  18  GHz.  strongly 
suggesu  that  the  strong  fluctuation  theory  provides  rea 
sonably  accurate  resulu  in  the  18-  to  60-GHz  nmge  fc 
all  realistic  gram  sizes,  and  also  at  90  GHz  ror  gram  mzc 
smaller  than  0.9  mm. 

At  the  present  time,  we  do  not  have  a  goxsd  c xr  j-ui  oi 


for  the  observed  departure  of  the  90-GHz  results  for  re¬ 
frozen  snow  (d^  >  0.9  mm)  This  behavior  may  be  due 
to  the  fact  that  at  90  GHz  the  wavelength  in  ice  is  about 
1.8  mm.  which  is  compafable  in  size  to  the  ice  panicles 
in  refrozen  snow;  such  a  condition  is  conducive  to  reso¬ 
nant  scattering  and  absorption. 

The  following  method  was  used  to  obtain  an  estimate 
to  the  lemperature  dependence  of  the  extinction  coefh- 
cieni  from  the  measured  transmission-loss  values  in  the 
-33  to  -  I’C  range.  It  is  assumed  that  the  surface  scat- 
tenng  loss  does  not  depend  on  temperature.  This  assump¬ 
tion  IS  supponed  by  the  fact  that  the  surface  roughness  is 
constant  and  the  measured  for  each  case  ( 19  to  23)  was 
found  to  vary  omy  ±0.01  between  -33  and  -  l*C.  Fur¬ 
ther.  It  IS  assumed  that  the  surface  scanerlng  loss  for  each 
case  IS  equal  to  that  measured  for  its  neighbonng  sample. 
For  example,  samples  19  and  7  wert  acquired  from  the 
same  area  ( 1  m  apart )  and  from  the  same  depth  (Table  I). 
Hence,  the  surface  scattering  loss  can  be  subtneted  from 
the  transmission  loss  resulting  in  a  value  that  accounu  for 
the  volume  effects  only 

L,  L  -  L,{ia  decibeu)  (24) 

In  (24).  L  and  L,  are  the  experimental  transmission  loss 
and  the  surface  scanering  loss,  respectively.  Although  £„ 
divided  by  the  sample  thickness  is  equal  to  the  extinction 
coefficient  only  when  the  dau  point  is  located  on  Slope  1 
in  Fig.  2.  the  tempenture  behavior  of  L,  should  give  a 
reasonably  good  estimate  for  that  of  t,. 

Lv  for  cases  19  to  23  was  calculated  from  (24)  for  each 
temperature  used  in  the  experirunt.  Since  the  values  for 
-  33  and  -20*C  were  practically  the  same  for  each  case, 
the  value  observed  for  -20*C  is  used  as  a  reference.  The 
observed  average  increase  from  L  at  -20*C  is  depicted 
for  33.  60.  and  90  GHz  in  Fig.  8.  The  experimental  val¬ 
ues  are  slightly  smaller  than  the  theoretic^  behavior  ob¬ 
tained  from  (20). 

The  present  theoretical  and  experimental  values  in  Fig. 

8  are  subsuntially  smaller  than  the  experimental  increase 
of  100  percent  reported  for  L,  at  33  GHz  in  (13). 

VI.  Conclusions 

The  extinction  coefficient  and  the  surface  loss  factor  for 
18  dry  snow  types,  ranging  from  newly  fallen  snow  to 
refrozen  snow,  were  measured  in  the  18-  to  90-GHz  ru^ge. 
The  expenmental  results  iodicais  that  the  extiocu''..  coef¬ 
ficient  increases  rsp^)  vith  tacreasing  frequency  and  in¬ 
creasing  average  snow-particle  size.  However,  the  extinc¬ 
tion  coefficient  it  90  GHz  exhibit;  e  weaker  dependence 
on  grain  sue  for  snow  with  grains  larger  than  0.9  mm  in 
diameter  than  for  snow  with  smaller  gni?a.  The  effect  of 
tempenture  wu  examined  in  the  -33  to  -l*C  range; 
only  a  slight  increase  in  snow  attenuation  widi  increasing 
tempenture  wu  observed.  The  surface  lou  factor  (in¬ 
cluding  both  surface  scanering  and  refleaion  loss)  wu 
found  to  be  negligible  at  i8  and  33  GHz  and  quite  sub- 
suntial  at  60  and  90  GHz.  The  magmtude  of  the  surface 


Temperarure  CC) 
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lou  factor  wu  observed  to  be  highly  correlated  with  gnin 
size. 

The  meuured  values  of  the  expehmenul  extinction 
coefficient  were  compared  with  theoretical  values  ob¬ 
tained  using  strong  fluctuation  theory.  By  matching  the 
theoretical  values  (with  gnin  size  u  a  free  panmeier)  to 
tlie  meuured  valuer,  in  each  of  the  18  cases,  a  set  of 
model-derived  grain  sizu  wu  obuined  for  each  fre¬ 
quency.  In  genenl,  the  model-derived  gnin  sizes  are 
slightly  smaller  than  the  observed  ones.  It  is  emphasized 
that,  although  the  absolute  accuncy  of  the  observed  gnin 
sizes  is  difficult  to  esublish.  'heir  relative  accuncy  is  be¬ 
lieved  to  be  good,  bued  on  macro  photographs  of  each 
snow  type.  Good  agreement  between  1)  the  model-de- 
nved  grain  sizes  at  33  and  60  GHz.  2)  the  slopes  of  the 
model-derived  gnin  size  versus  observed  gnin  size  at  all 
frequencies  (only  oonmetamorphosed  snow  at  90  GHz), 
and  3)  the  observed  and  calculated  tempenture  depen¬ 
dence  of  the  lou  suggests  that  the  strong  fluctuation  the¬ 
ory  provides  fairly  accunie  estiitutes  of  the  extinction 
coefficient  of  dry  snow  at  microwave  and  millimeterwave 
frequencies 
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Abstract 

The  extinction  properties  of  several  dry  sn«< 
types  Mere  exaailned  in  the  18  to  90  GHz  range.  The 
snoM  types  ranged  fro*  nenly  fallen  snow  to  re¬ 
frozen  snoM,  and  the  density. and  mean  grain  size 
varied  fro*  0.17  to  0.39  g/ca^  and  froa  0.2  m  to 
1.6  <ae,  respectively.  From  measurements  of  the 
transmission  loss  as  a  function  of  saaple  thickness 
at  a  temperature  of  -15®C,  the  extinction  coeffi¬ 
cient  and  the  surface  scattering  loss  (due  to  sur¬ 
face  roughness  at  the  front  and  back  surfaces  of 
the  snow  slab)  mere  determined  for  each  snou  type. 
The  experimental  values  mere  compared  against 
theoretical  results  coaipured  according  to  the 
strong  fluctuation  theory.  In  general,  good  agree¬ 
ment  Mith  the  experimental  data  mas  obtained  at 
18,  35,  and  60  (>iz  when  the  grain  size  used  in  the 
theoretical  calculations  was  chosen  to  be  slightly 
saaller  than  the  observed  snow  particle  size.  How¬ 
ever,  the  extinction  coefficient  of  large  grained 
refrozen  snow  as  predicted  by  the  strong  fluctu¬ 
ation  theory  is  mjch  larger  at  90  GHz  than  the 
values  determined  experimentally.  The  attenuation 
in  snow  was  observed  to  increase  only  slightly  with 
increasing  temperature  in  the  -350C  to  -1®C  range. 

Keywords:  Extinction  coefficie"t.  Snow,  Attenuation 


1.  Introduction 

At  the  present,  experimental  microwave  dielec¬ 
tric  data  (real  and  imiglnary  part  of  the  co^>lf. 
dielectric  constant  ^  ■  sg'-Jct*)  are  available 
as  follows:  c^'-Je,*  rer  wet  snow  and  e*'  for  dry 
snow  at  frequencies  up  to  37  GHz  [1],  and  e<*  for 
dry  snow  at  frequencies  up  to  13  ^z  (2,3].  The 
temperature  dependence  of  cj'  is  very  small, 
whereas  cj*  increases  with  increasing  temperature. 
Since  the  frequency  range  of  microwave  sensors  has 
been  recently  extended  to  90  GHz,  high-frequency 
data  on  the  dielectric  and  scattering  loss  of  dry 
snow  are  needed. 

The  total  loss  of  dry  snow  is  expressed  by  the 
extinction  coefficient,  whicr.  includes  both  absorp- 
ticn  loss  and  scattering  luss.  At  low  micrwave 
frequencies  (snow  particle  size  it  auch  smaller 
than  the  wavelength)  absorption  is  the  primary 
loss  process,  whereat  at  nigh  rnicrowave  and  all 
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ail  1 ineterwave  frequencies  (snow  particle  is  of 
the  same  order  of  magnitude  as  wavelength)  scat¬ 
tering  dominates  over  absorption.  According  to  Hie 
theory  calculations  for  a  snow  particle  with  a 
diaawter  of  1  noi,  scattering  dominates  at  frequen¬ 
cies  above  IS  GHz  [4]. 

Few  experimental  investigations  on  the  attenu¬ 
ation  of  dry  snow  have  been  reported  at  nrilliaeter- 
wave  frequencies  [5,6].  However,  the  snov  parame¬ 
ters  were  not  documented  in  a  detailed  manner  to 
allow  the  derivation  of  any  quantitative  expression 
for  the  extinction  coefficient  and  the  surface 
loss  as  a  function  of  snow  properties. 

In  the  present  investigation,  the  extinction 
coefficient  and  the  surface  loss  for  several 
snow  types  were  obtained  from  transmission  loss 
measurements  of  snow  slabs  as  a  function  of  sample 
thickness.  The  effects  of  frequency,  snow  particle 
size,  snow  metamorphism,  and  temperature  were 
investigated  in  a  detailed  manner.  The  experiinen- 
tal  results  were  compared  with  theoretical  values 
obtained  from  the  strong  fluctuation  theory 
Recent  evaluations  of  this  theory  suggest  that  I't 
can  be  applied  to  calculate  the  effective  dielec¬ 
tric  constant  and  the  extinction  coefficient  of 
snow  as  wmll  as  the  brightness  temperature  of 
snow-coverrd  terrain. 

2.  Transmission  Model  for  Snow  Slab 

The  transmission  of  a  plane  wave  through  a  slab 
of  scatterers  hat  been  discussed  previously  '9,’.0  '. 
The  genmetry  of  the  problem  is  depicted  in  figure 
1.  The  total  intensity  incident  on  the  slab  is 
denoted  by  I(o*)  •  Iq*  fhe  Intensity  transmitted 
through  the  air-snow  interface  is  reduced  by 
the  Fresnel  power  transmission  coefficient,  and  oy 
S,  a  surface  roughness  factor  that  accounts  for 
scattering  by  a  ncn-specular  surface.  A  relatively 
simple  model  for  S  that  has  been  used  in  connection 
with  soil-surface  scattering  [11]  takes  the  form 

S  •  exp[-(2koS) ’]  ,  'll 

where  kg  ■  Ex/Vj  and  s  is  the  effective  rms  rji 
of  the  surface  fluctuation.  In  practice,  tms  -v:  ;e 
is  reasonably  adequate,  although  the  va'^e 
needed  to  match  experimental  data  usually  is  s'l  -e' 
than  the  measured  rws  height  of  the  surface. 

75 

Proc99(3ings  of  IGAPSS  87 Syf^iposiutv.  Ann  Aroor  iB-2'  V.'.  -o 


860 


I  (01 


Figure  l.  Transnl sslon  of  electromagnetic  wave 
through  a  slaB  of  scatterers 

The  total  power  transmitted  across  the  Boundary  at 
2  •  d  1s 

I(d*)  •  IoT^S^[e'*«S(e*‘4‘‘  -  e*"*'!)]  .  (2) 

where  g  represents  the  fraction  of  the  total 
scattered  power  intercepted  by  the  Beam  angle  of 
the  receiving  antenna,  and  cj,  the  extinction 
coefficient,  is  the  sum  of  the  absorption  coef¬ 
ficient  »a  scattering  coefficient  «j, 

»e  •  <a  *  *5  •  *  ^  ^ 

The  loss  factor  L(dB)  Is  defined  as 

L(dB)  «  -10  log[ii^] 

-  34,72kgS^  -  I01ogie"*«*’*q(e***‘^-e*''«‘*)  ]; 

t’  -  I  .  (4) 

For  a  snail  slab  thickness  d  such  that  exp(-C(d)>> 
qfexp(-»4d)-exp(-«-,d)  ]  the  coherent  Intensity  Is 
the  dominant  contributor  to  I  and  (4)  may  be 
approximated  r 

L(dB)  1  Lf(dB)  *  4.34  <,4  ,  (S) 

where  L,(dB)  •  34.72kc^s*  Is  the  loss  factor 
attributed  to  surface  roughness  at  the  two  slab 
boundaries.  For  a  large  slab  thickness  such  that 
exp(-<»d)  <<  q[exp(-r,d)-exp(-»,d)  ],  the  incoherent 
Intensity  modified  by  q  becomes  the  only  signifi¬ 
cant  remaining  coa^onent  of  the  original  incident 
poer,  an:  (4)  may  be  approximated  as 

L(dB)  !  L;(dB)  -  10  log  q  *  4.34  w^d  .  (6) 

Thus,  because  of  mjUlple  scattering,  the  rate  of 
attenuation  after  propagation  through  a  thick 
sample  becows  proportional  to  va  '’*thcr  than  re 
because  C.e  loss  due  to  scattering  is  approxima¬ 
tely  equal  to  the  generation  of  incoherent  inter 
sity  by  scattering. 

According  to  the  preceding  model,  if  we  measure 
the  transmission  loss  factor  L(dB)  as  a  function 
of  the  slab  thickness  d,  the  following  four  para¬ 
meters  can  be  determined:  la)  the  extinction  coef¬ 
ficient  (from  Slope  1  In  Figure  2),  (b)  the 
absorption  coefficient  rj  (from  Slope  2  In  F1,..e 


Figure  2.  Plot  of  the  transmission  loss. 

2),  (c)  effective  -nis  height  of  tne  surface  s  'zm 
Lj),  and  (d)  the  parameter  q  (from  the  aoso’jte 
level  of  the  curve).  It  'z  relevant  to  note  trat 
the  total  attenuation  of  tree  foliage  nas  seen 
observed  to  follow  a  behavior  similar  to  that 
shown  In  Figure  2  [12  1. 

3.  Experimental  Arrangement 

3.1  Snow  Samples 

All  snow  measurements  were  conducted  unae-- 
laboratory  conditions  at  the  Radio  Laboratory  of 
the  Helsinki  university  of  Technology,  'he  snow 
SAMples  were  acquired  from  natural  snow  cover, 
including  both  the  top  and  the  bottom  layers. 
Extreme  care  was  taken  not  to  disturb  the  struc¬ 
ture  of  the  samples.  A  total  of  23  snow  samples 
were  acquired  between  February  5  and  April  30,  1985 
(Table  1).  The  samples  acquired  in  February  were 
new  snow,  whereas  those  acquired  In  late  Harcn  anq 
April  were  refrozen  snow. 

The  density  of  a  sample  was  determined  from  'ts 
volume  and  mass.  For  cases  1  to  ’8  in  Txoie 
these  parameters  were  determined  for  every  tnicx- 
ness  of  each  sn«»  sample  In  order  to  check  for 
density  variations.  The  density  .range  among  ii  i 
the  samples  was  0.17  to  0.39  g/cm  . 

The  average  grain  size  and  the  surface  rougnness 
were  determined  from  photographs  taken  with  a  mac-o 
lens.  For  pnotographs,  small  samples  of  eacn  sno* 
type  were  placed  on  a  glass  plate  equipped  with  a 
millimeter  scale.  It  is  emphasized  that,  a'thougn 
extreme  care  was  taken  to  provide  accurate  gram 
size  estimates,  the  absolute  values  may  nave  a 
bias.  However,  It  is  be11ev»d  that  the  relative 
,  accuracy  of  the  grain  size  estimates  Is  good,  "or 
non-spherical  snow  particles,  the  mean  gram 
diameter  estimate  is  based  on  volume.  In  case  of 
c1"Ster1ng,  the  particle  size  estimate  ’s  'or 
Individual  crystals. 

3.2  Measurement  Procedure 

The  transmlsslcn  loss  for  cases  I  to  13  'lo'e 
I)  was  measured  at  10,  13,  35,  60,  inc  K 
using  free-space  transmission  systems.  ‘'-e- 
space  transmission  measurements,  a  samo'e  ■ i  ;  i:-; 
between  the  transmitting  and  rece’v',’ 
and  an  electroawgnetlc  plane  wave  's  i -  . - ■  •  i -  : 
through  tne  sample.  The  use  of  free-scJ-f 
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Tibtf  I.  Properties  of  snow  samples.  Samples  1  to  18  were  measiired  as  a  function  of 
sample  thickness  and  samples  19  to  23  as  a  function  of  tenperatu'e. 
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for  dielectric  measurements  Is  discussed  In  detail 
In  ru].  In  addition,  the  phase  shift  due  to  the 
sample  was  measured  at  10  GHt  for  each  sample 
thickness  to  provide  es'»  Since  cj'  and  the  dry 
snow  density  p  are  related  [1]  by 

e,’  •  I  ♦  l.9o  (7) 

In  the  microwave  range,  the  measured  e*'  can  be 
used  to  verify  the  density  values. 

After  completing  the  measurement  In  the  10  to 
90  GHz  range  each  sample  was  cut  thinner  and  the 
measurement  procedure  was  repeated.  The  minimum 
sample  thickness  used  in  this  Investigation  was 

1.1  cm.  During  the  measurements,  the  samples  were 
handled  and  stored  at  >15^.  For  cases  19  to  23, 
the  transmission  loss  at  each  frequency  was  meas¬ 
ured  as  a  function  of  temperature  In  the  •3SPC 
to  -1^  range.  The  sample  thickness  In  each  case 
was  10  cm.  The  first  sat  of  measurements  was  made 
at  -3590;  the  temperature  was  than  Increased  to 
the  next  desired  value  and  the  maasurement;  were 
repeated. 

The  sample  holder  and  the  lid  (both  made  of 
styrofoam)  provided  the  necessary  thermal  Insula¬ 
tion  during  the  measurement  (the  free-space  trans¬ 
mission  systems  were  at  room  te^erature). 

4.  Experimental  Results 

4.1  Transmission  Lost 

The  results  of  transmission  loss  measurements 
for  different  sample  thicknesses  are  given  In 
Figure  3.  The  sample  numbers  refer  to  those  In 
Table  I,  giving  the  temporal  order  of  m.asurements. 
The  precision  of  the  results  in  Figure  3  is  esti¬ 
mated  to  be  :0.3  dS  for  the  lowest  values  (-1  dB' 
ana  s2  dB  for  the  highest  values  I -SO  dB).  The 


measured  loss  values  at  10  GHz  are  practically  zero 
for  all  samples:  hence,  they  are  not  shown. 

The  main  .nbservatlons  from  Figure  3  are  (a)  tne 
transmission  loss  Increases  with  increasing  f-g. 
quency  and  Increasing  grain  size  (see  Table  0, 
(b)  the  loss  depends  linearly  on  sample  thickness 
at  18  and  3S  GHz;  at  60  and  90  GHz  the  nonlinearity 
of  the  relatlonshi  Increases  with  increasing  snnw 
particle  size,  (c.  the  surface  loss  factor 
(estimated  by  extrapolating  the  transmission  loss 
down  to  zero  saim>1a  thickness)  Is,  In  most  cases, 
neg)l9lb1e  at  .8  and  35  GHz,  but  It  may  be  as  large 
as  20  (fl  at  60  and  90  GHz  for  rcfrozen  snow. 

Comparison  of  the  experimental  results  shown  in 
Figure  3  with  the  mode)  behavior  In  Figure  2  indi¬ 
cates  that  Slope  1  (extinction  coefficient)  can 
bo  easily  estimated  from  the  data  in  Figure  i, 
but  that  Is  not  tht  case  for  Slope  2  (absorption 
coefficient).  In  order  to  obtain  the  absorption 
coefficient,  the  measurements  should  extend  over  a 
much  larger  range  of  sa^)1e  thickness.  This  «ould 
have  required  the  measurement  system  to  be  able  to 
measure  transmission  losses  as  high  as  about  '’0  iB. 
The  maximum  loss  the  present  free-space  system  at 
90  GHz  can  measure  Is  55  dB. 

The  temperature  dependence  of  the  transmission 
loss  was  observed  to  be  i«g11g1u1e  in  the  -iS^C  to 
-IQOC  range  (cases  19  to  23  in  Table  I).  Between 
-lO^C  and  -l^C  the  experlimntal  loss  increases  w'tn 
Increasing  temperature.  The  measured  loss  vaijes 
sre  cohered  with  theoretical  results  from  tnc 
strong  fluctuation  theory  in  Section  5. 

4.2  Extinction  Coefficient  and  Surface  ^oss 

The  extinction  coefficient  and  the  surface  jss 
were  determined  for  each  case  by  fitting  i  s'.'i-  j". 
llne  to  the  measured  transmission  loss, 
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Figure  3.  Mcisured  transalssion  loss  for  snow  sanples.  SoMpIt  numbers  refer  to  "Jiose  in  Table  I. 


types  exhibiting  «  qu<s1>11ne<r  relationship  bet* 
Keen  L  and  d,  all  the  data  points  were  used.  This 
was  the  case  for  all  18  and  35  GHz  results  and  low- 
loss  snow  types  at  60  and  90  GHz.  For  snM  types 
exhibiting  a  nonlinear  variation  between  L  and  d. 
only  the  data  points  falling  on  the  first  linear 
part  of  the  curve  (see  Figure  2]  were  caployed. 
Typically,  the  nuaber  of  data  points  used  In  that 
:ase  was  three.  The  Intercept  of  the  straight  line 
gives  the  surface  loss  factor  l^ldB). 

The  values  of  the  extinction  coefficient  and 
the  surface  loss  factor  detentined  using  the  above 
procedure  are  listed  In  Table  II.  The  values  are 
given  In  decibels  instead  of  nepers.  To  convert  ifl 
to  Np,  the  values  sjst  be  divided  by  4.34. 

The  following  etepirlcal  expressions  were  deve¬ 
loped  to  relate  (f(d8/e)  to  the  observed  snow  par¬ 
ticle  diaxwter  d^: 


1.5  ♦  7.4do2-3 

;  (dS/m) 

sit 

18 

GHz 

(3a) 

30  do^-l 

(dB/ml 

it 

35 

GHz 

(8b) 

180  do^-O 

i  (d8/a) 

it 

60 

GHz 

(8c) 

300  d<,l  ’ 

;  (dB/e) 

ftC 

90 

GHz 

(80) 

Table  II.  Experlaantal  extinction  coefficient  ana 
surface  scattering  loss  for  different 
snow  types. 


C4ll<wt10« 

5wr 

7«(4  5C8tlt''*)  kwSS 

«• 

««(4i/«i 

‘V  *• 

at  QU  ) 

5  da 

If 

10  9(| 

11  dll 

15  >1  'C  d)X  *0  aHZ 

1 

1.2 

I.S 

5.1 

10. 1 

0.0 

9  0  i  i  3  - 

i 

*■) 

1.9 

U  • 

k(at.l 

0  i 

3  9  -9  . 

J 

4.9 

i)  i 

4)  3 

IM.I 

0  3 

91  -OS  i 

i 

II 

(.9 

1 

11  5 

0  1 

3  i  3  3  .  ; 

14 

\  1 

9  0 

44  1 

0.0 

3  1  a  1 

» 

4  I 

lO  1 

1'  1 

1)7  1 

0  1 

3  3  )  1  '5 

l.» 

1  ' 

71  5 

S4  1 

0  0 

3  3  :  ) 

9 

4.4 

'.1.4 

144.1 

J54.I 

•O-l 

3  ;  ^3 

% 

lO.I 

54.1 

147  1 

»*  0 

•4  3 

•9  7  1  B 

10 

1.7 

14.1 

17). • 

IM.) 

9  0 

3  l  -i.l  .  j 

u 

II  1 

91.9 

»9  9 

141.9 

•0.1 

\  4  .5  1  :«  3 

u 

If.O 

U.7 

3U.0 

4)7  1 

-0.5 

:  :  i  .5  * 

n 

11. 1 

54  i 

Ml  4 

471.4 

•0.3 

-0.5  J  1  •  J 

14 

1 

If. 5 

•  11  7 

411.7 

0.4 

a  1  •>  5  ;S  s 

15 

1)  1 

*«  1 

lll.l 

344.9 

•0  t 

-9  4  5  J 

II 

4  9 

73  3 

7«)  1 

454  7 

•0  1 

3  • 

i  ’ 

7'  • 

’♦  } 

14)  1 

34)  4 

i  4 

1  :  »  « 

14 

"  •  . 

(74  * 

444  9 

5j;  3 

0  3 

. ;  s  > 

The 

observed 

grain  diaeeter 

do  Is 

In  Hi  1 1  i-netr-s 

Equations 

(9a)  to 

(8c) 

can  be 

comri'-ed 

single  equation  of  the  'orrx 


<g  ■  O.OOlS.'^-SdgZ.O  :  3/m)  -or  IS-oJ  - 


A.  "9 


863 


In  (9),  f  Is  in  GHz  and  d<,  in  ml  1 1  incters.  Equa¬ 
tion  (9)  holds  for  particle  sizes  below  1.6  w  In 
the  18  to  60  GHz  range.  For  90  GHz,  (8d)  should  be 
used  instead. 

From  the  surface  loss  values  In  Table  II.  the 
effective  rms  height  was  calculated  fro* 


where  Lf  Is  the  surface  loss  in  <£  and  tg  is  the 
wave  number  in  free  space.  The  effective  nos 
heights  at  60  and  90  Ghz  are  strongly  correlated 
u1  th 

S60  *  0.019  *  0.958  sgo  («i)  ,  (11) 

where  sgo  inil  *90  *re  the  rms  heights  at  60  and 
90  GHz,  respectively.  This  relationship  Is  very 
close  to  Sgo  *  SgOt  which  1s  what  the  «ode1  In  (2) 
would  predict. 

5.  Comparison  of  Experimental 
and  Theoretical  Results 

The  strong  fluctuation  theory  [7,8]  was  applied 
to  calculate  the  effective  complex  dielectric  con¬ 
stant  of  dry  snow,  c«,  using  an  exponential  corre¬ 
lation  function  r8,14].  The  formulation  for  the 
effective  dielectric  constant  ce  accounts  for  both 
scattering  and  absorption  by  the  Ice  particles  In 
the  sncM  medium.  The  extinction  coefficient  can  be 
readily  obtained  froei 

re  •  2kolt"(«e'/2>l  • 

In  order  to  calculate  ce,  we  need  to  know  csi  the 
quasistatic  value  of  the  dielectric  constant  of 
dry  snow.  For  ce*.  I  mixinq  model  from  [4,  E84 1 
was  adopted  and  for  c^',  (7)  was  assumed  to  hold 
In  the  present  frequency  range. 
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Observed  S:ze  (mml 

Figure  4.  Theoretical  optimized  snow  grain  diame¬ 
ters  as  a  function  of  observed  snow  par¬ 
ticle  size,  with  frequency  as  a  para¬ 
meter. 


In  order  to  compare  the  theoretical  values  of 
r#  the  strong  fluctuation  theory  with  experi¬ 
mental  data,  theoretical  values  were  computed  for 
the  18  sn«(  types.  In  each  case,  the  snow  density 
was  kept  constant,  and  the  grain  size  was  treated 
as  a  free  parameter  «^ose  value  was  chosen  such 
that  It  gave  a  theoretical  extinction  coefficient 
equal  to  the  measured  value.  8y  repeating  this  for 
each  of  the  18  snow  t>,'es,  a  set  of  model-derived 
grain  sizes  was  obtained  *  each  frequency. 

Figure  4  Is  a  scatter  diagram  of  4,,  the  model - 
derived  grain  sizes,  versus  the  observed  grain 
sizes,  dg.  The  model-derived  values  at  IS  GHz  are 
larger  and  those  at  35,  60  and  90  GHz  are  smaller 
than  the  observed  values.  The  linear  expressions 
shown  In  Figure  4  ere  given  by 

d„  ■  0.26  ♦  0.91  dg  at  13  GHz  (13a) 

d«  ■  -0.15  *  0.82  dg  at  35  GHz  (13b) 

d«  -  -0.15  ♦  0.83  dg  at  60  GHz  (13c) 

^  -O.ll  ♦  0.67  dg  for  dg<0.9  me  at  90  GHz 
0.31  *  0.18  dg  for  dg>0.9  mm  at  90  GHz 

(13d) 

The  slopes  of  the  linear  equations  at  18,  35, 
and  60  GHz  In  (13)  are  reasonably  close  to  1.  The 
experimental  values  of  <r*  at  19  GHz  may  be  biased, 
due  to  the  low  values  of  the  transmission  loss  L 
(mostly  belM  1  dB)  even  for  th<ck  snow  samples. 
It  Is  remartable  that  the  expressions  for  4,  at  35 
and  60  GHz  are  almost  Identical.  This,  cooeined 
with  the  similar  slope  at  18  GHz,  strongly  suggests 
that  the  strong  fluctuation  theory  provides  reason¬ 
ably  accurate  results  In  the  18  to  60  GHz  range 
for  all  realistic  grain  sizes,  and  also  at  90  GHz 
for  grain  sizes  sauller  than  0.9  me.  The  observed 
departure  of  the  90  GHz  results  for  refrozen  snow 
(dg  >  0.9  m)  may  be  due  to  the  fact  that  at 
90  GHz  the  wavelength  In  Ice  Is  about  1.8  me.  This 
Is  co^arable  In  size  to  the  Ice  particles  m 
refrozen  snow;  such  a  conditions  Is  conducive  to 
resonant  scattering  and  absorption. 

The  following  method  was  used  to  obtain  an 
estimate  to  the  temperature  dependence  of  the 
extinction  coefficient  from  the  measured  trans¬ 
mission  loss  values  In  the  -35°C  to  -1®C  range.  It 
Is  assumed  that  (a)  the  surface  scattering  loss 
docs  not  depend  on  temperature  and  (b)  the  surface 
scattering  loss  for  each  case  Is  equal  to  that 
measured  for  Its  neighboring  sample.  For  example, 
samples  19  and  7  were  acquired  from  the  same  area 
(one  mater  apart)  and  from  the  same  depth  (Table 
1).  Hence,  the  surface  scattering  loss  can  oe 
subtracted  from  the  transmission  loss  resulting  m 
a  value  that  accounts  for  the  volume  effects  only, 

L»  •  L  •  L,  (d8)  .  (14) 

In  (14),  L  and  L>  are  the  experimental  transmission 
lots  and  the  surface  scattering  loss,  respectively. 
Although  Ly  divided  by  the  sample  thicxness  is 
equal  to  the  extinction  coefficient  only  w^en  tne 
data  point  Is  located  on  Slope  1  in  Figure  2.  '.ne 
tei^icrature  behavior  of  Ly  should  give  a  reasorao'y 
good  estimate  for  that  of 
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wiphasi zed  that,  a1thou9h  th*  absolute  accuracy  of 
the  observed  grain  sizes  Is  difficult  to  estaol'sn, 
their  relative  accuracy  is  believed  to  oe  good. 
Good  agreement  between  (a)  tne  model-derived  gram 
sizes  at  iS  and  60  GHz,  (bl  the  slopes  of  tne 
model -derl ved  grain  size  versus  observed  grain  S'ze 
at  all  frequencies  (only  nonmetamorpnosed  snow  at 
90  GHz),  and  (cl  the  observed  and  calculated  tem¬ 
perature  dependence  of  the  loss  suggests  tnat  tne 
strong  fluctuation  theory  p-ovldes  fairly  accurate 
estimates  of  the  e»tlncilon  coefficient  of  dry 
snnv  at  microwave  and  ml  1 1  imeterwave  frequencies. 
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Figure'  5.  Snow  attenuation  as  a  function  of  tem¬ 
perature,  with  -20®C  as  a  reference 
point.  C>perimental  data:  average  values 
for  snow  types  19  to  23  (Table  O. 

L,  for  cases  19  to  23  was  calculated  from  (14) 
for  each  temperature  used  in  tne  experiment.  Since 
the  values  for  -SSOC  and  -20^0  were  practically 
tne  same  for  each  case,  the  value  observed  for 
-20°C  Is  used  as  a  reference.  The  observed  average 
Increase  from  L  at  -20®C  Is  depicted  for  35,  60, 
and  90  GHz  In  Figure  5.  The  experimental  values 
are  slightly  smallei-  than  the  theoretical  behavior 
obtained  from  (12).  The  present  valves  In  Figure  S 
are  substantially  smaller  than  the  previously 
reported  experimental  increase  of  100  I  for  Lw  at 
35  GHZ  [5  1. 


6.  Conclusions 

The  extinction  coefficient  and  the  surface  loss 
factor  for  18  dry  snow  types,  ranging  from  newly 
fallen  snow  to  refrozen  snow,  wore  measured  In  the 
18  to  90  GHZ  range.  The  experimental  results 
indicate  tnat  the  extinction  coefficient  increases 
rapidly  with  increasing  frequency  end  increasing 
average  snow  particle  size.  However,  the  extinction 
coefficient  at  90  GHz  exhibits  a  weaker  dependence 
on  grain  size  for  snow  with  grain  larger  than 
0.9  ime  In  diameter  than  for  snow  with  sauller 
grains.  The  effect  of  temperature  was  examined  in 
tne  -35°C  to  -1®C  range;  only  a  slight  increase  In 
shM  attenuation  with  Increasing  temperature  was 
observed.  The  Surface  loss  factor  (including  both 
surface  scattering  and  reflection  loss)  was  found 
to  be  negligible  at  18  and  35  GHz  and  quite  sub¬ 
stantial  at  60  and  90  GHZ.  The  magnitude  of  tne 
surface  loss  factor  was  observed  to  oe  highly 
correlated  with  grain  s'ze. 

The  measured  values  of  the  experiamntal  extinc¬ 
tion  coefficient  were  compared  with  theoretical 
values  Obtained  using  strong  fluctuation  theory. 
3y  matching  the  theoretical  values  (with  grain 
size  at  a  free  parameter)  to  the  measured  values 
In  each  of  the  18  cases,  a  set  of  model-derived 
gram  sizes  was  obtained  for  each  frequency.  It  is 
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ABSTRACT 

A  compact  indoor  neasorement  system  has  been 
developed  to  study  the  transmission  properties  of 
foliage  at  35  GHs.  The  system  uses  an  up-converter 
and  mixer-downconvorter  to  extend  the  operating 
frequency  range  of  a  computer-controlled  HP  8SiO 
networK  analyzer  to  millimeter-wave  frequencies.  The 
system  has  been  used  to  measure  the  transmission 
and  scatterng  properties  of  two  different  types  of  trees 
for  honzontal,  vertical,  and  c  oss  poianzation. 


Keywords;  Radar  scanenng  from  trees,  attenuation, 
bisiatc  scanenng. 


I.  INTRODUCTION 

Accurate  models  for  microwave  scattering  by 
complex  random  structures,  suet)  aa  a  tree  canopy,  are 
not  existent.  This  is  due.  m  part,  to  the  laefc  of  accurate 
scattsnng  and  extinction  data  for  single  scatterers 
(such  as  a  leaf)  ai«d  single  trees.  This  is  espeoaiiy 
true  in  the  miiiimeter-wave  part  of  the  spectrum. 
Relevant  studies  reported  m  the  ifter«ure  are  given  m 
[1]  •  (4],  This  paper  documents  an  sstempi  to  examine 
some  aspects  of  wave  extinction  and  scattenng  by 
trees  at  35  GHz.  Using  separate  antennas  for 
transmission  and  reception,  a  calbrated  transmission 
system  was  used  to  measure  the  attenuation  of 
individual  trees  as  a  function  of  azimuth  position  and  rf 
several  trees  placed  m  senes.  The  measurements 
were  conducted  for  two  types  of  trees  of  markedly 
different  structure  The  system  was  also  used  to 
measure  the  b<siatic  radar  cross-section  of  a  tree  as  a 
function  of  the  azimuth  angle  between  transminer  and 
receiver.  The  combination  of  the  direct  transmission 
measurements  and  the  bistatic  scattering 
measurements  provide  a  picnire  of  the  relative  levels  of 
coherent  and  incoherent  scattenng  by  the  tree.  Such 
measurements  are  st.'ong  indicators  of  the  relative 
importance  ot  diffuse  scattering  and  how  multiple 
scattenng  may  be  incorporated  m  volume  scanenng 
models 


II.  experimental  SET-U? 

The  system  used  to  measure  me  transm.ss  on  a'd 
bistatic  scattering  properties  Of  foliage  s  a 
Miiiimetar-\A/ave  Poianmeter  (MMP)  [5]  The  MMP  s  a 
network  analyzer  based  scatterometer  system  mat 
operates  at  35  GHz.  it  was  designed  to  be  used  ri 
three  configurations:  backscatter  moos,  bistat  c  mcce 
and  transmission/refleaion  mods  in  this  laboratc'y 
expenment.  the  MMP  is  used  m  the  bistatic  mode  ’’“e 
transminer  q.nd  receiver  sections  are  mounted  as  iao 
independent  units  on  poles  of  vanab'e  neignt  aro  ca* 
be  placed  at  the  desired  locations  with  respect  to  ’~e 
target.  The  set-up  is  shown  m  Fg  ?  ‘or 
transmission  mode. 

Tree 


The  MMP  includes  a  swept-Vequency  source  d'  .e- 
by  the  HP  8510  network  analyzer  it  sweeps  ' 
frequency  from  2  to  4  GHz  The  signal  s  sent  -o 
transminer  section  and  is  upconvened  to  34  36  o-: 
using  a  mixer  and  fixed-frequency  Gu'*''  s:. 
operating  at  32  GH’.  The  RF  sgnai 'S  tra''5'' . 
lens-corrected  horn  antenna  with  a  oaa'‘'w  c- 
Pad  of  the  transmiited  signal  iS  sa~:r: 
direct  onai  co  pier  and  is  dcwoconvenec  ■:  ; 
the  reference  signal  Tn#  receiver  sec  c"  :: 
another  norn  antenna  Since  me  oea'^'w  o  " 
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f'o  receiva  arc!  t^ansm.!  artenras  were  of  tr.e  orCer  of 
3’.  an  inirarea  oeam  was  used  to  insure  orooer 
antenna  alignment.  The  received  signal  is  mixed  cown 
to  the  2-4  GHz  'ange  and  then  sent  :o  the  test  ocrr  of 
the  HP  95t0  The  maM  characteristics  of  the  system 
a'e  Summcnzed  n  TaD'e  ’ 


differences  as  large  as  cS  dB  were  ccsenvec  ‘cr  sc~e 
of  the  trees  between  measure-ments  tahe"  a  wee< 
aoart  This  is  annbuted  to  the  ‘act  that  these  t-ees  cst 
some  leaves  during  that  oeriofl  of  t  me  s-o 
moisture  content  of  the  remaining  leaves  ""a/  -a.e 
Changed  also 


Table  1  -  HMP  System  Characteristics 


Calibration  of  the  system  is  accomoiisheo  oy 
referencing  the  received  cower  level  with  the  target 
between  transmitter  ana  receiver  to  that  received  tor 
•ree-soace  The  system  is  calibrated  for  each 
coianzation  configuration  Calibration  for  HH  (both 
transmit  and  receive  antennas  nonzontaiiy  polarized) 
and  VV  poianzation  configurations  is  straight  forward, 
but  calibration  of  HV  coianzation  is  not  so  straight 
forward  for  the  transmission  mode.  The  ratio  of  the  free 
scace  measurements  m  the  HV  mode  to  that  m  the  hh 
lor  VV)  mode  provides  a  measure  of  the  coianzation 
soiation  of  the  two  antennas  m  combination  if  we 
regard  the  transmission  problem  as  a 
‘orward-scanering  crobiem,  rather  than  as  an  eitmction 
propiem  the  received  power  m  the  HV  mode  m  the 
presence  of  a  tree  snouid  be  compared  to  the  received 
ccwer  m  the  HH  mode  under  free-space  conditions  m 
C'der  to  determine  the  forward  scatter.ng  cross-secfion 
of  the  t'ee 

Measurements  were  conouaed  for  two  different 
tyces  of  trees,  ‘dus  and  pme  trees.  They  were  chosen 
because  they  are  distinctly  different  m  'r~'arance  and 
geometrical  structure.  The  ficus  tr  (Fcus  Nitida- 
G‘een  Gem)  has  small  flat,  untoothev'  ,  '  l  e  'e'-es 
acoronmateiy  10  cm^  in  area  (see  Fig.  The  pme 
••ee  s  an  eastern  Arbor  Viiae  with  a  branched  trunK 
and  a  conical  crown  of  short,  spreading  branches  n 
t‘'e  vertical  direction  it  has  narrow  neec’es 
acproiimaieiy  t  5  to  3mm  m  length  (see  P>g  2(bn 
More  detailed  information  about  the  trees  eiammed  n 
this  study  is  given  in  Table  2  and  shown  m  Fg  3  The 
dielectric  constant  of  the  leaves  and  trgnh  were 
measured  up  to  20  GHz  usmg  the  coaxial  ime  method 
The  results  were  compared  to  a  dieiecmc  model  for 
vegetation  [6|.  where  the  mput  parameters  are  the 
frequency  of  operation  and  me  graviomemc  moisture 
The  trees  were  Kept  m  meir  pots  and  did  not  undergo 
any  maior  changes  during  the  experiment  However 


Pig.  2(a)  •  Photograph  of  the  Crown  of  the  ‘  cus  t'ee 
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Tabl«  2  -  TrM  Information 


measured  as  a  fur^ction  of  rotation  angle  over  .nec*^ 
The  area  covered  by  the  beam  on  the  tree  was  aoobi 
0  0“  m^  and  therefore  was  well  withm  the  crown  ot  fe 
tree. 


A  statistics  test  was  performed  to  determine  ’.fa 
.lumber  ot  samples  N  necessary  to  obtain  a  sianoaro 
deviation  for  the  average  of  N  samples  such  ’rat 
Sn/unzO.2.  If  the  samples  are  statistically 
independent,  S,.^  «  S  /  vN  where  S  is  tre  stanoaro 
deviation  associated  with  a  smgie  measurement  T-e 
number  of  samples  N  is  equal  to  360*^  ■'  Cl.  where  Q  s 
the  spacing  between  measurements  m  degrees  F'cm 
N  transmission  measurements,  the  mean  3'-a 
standard  deviation  S  are  reaoiiy  comouteo  ar'o  ’-e' 
used  to  determine  The  plot  shown  .n  F  g  i  $ 
based  on  measurements  made  for  various  samo  -g 
intervals  extending  from  one  sample  every  5^  n  e  a 
total  of  72  samples  per  rotation)  to  one  sampia  eve'y 
180°  (i.e..  2  samples  per  rotation)  From  F  g  4  one 
can  see  that  sampling  ave.-y  S°  around  me  tree  gives 
the  desired  precision.  Hence,  most  ot  the  data 
acquired  m  this  study  represents  averages  of  72 
samples  obtained  by  rotating  the  tree  about  its  axis 


III.  RESULTS 
3  1  Transmission  Measurements 

For  the  smgie-tree  eipenments.  the  tree  was  placed 
on  a  rotating  platform  at  3  m  from  the  transmit  and 
receive  antennas.  That  distance  corresponded  to  the 
far  fieiu  of  the  antennas.  The  transmission  loss  did  not 
seem  to  depend  on  me  tree's  location  between  me  two 
antennas  The  transmit  antenna,  the  receive  antenna, 
and  me  tree  crown  were  at  the  same  height  and 
arranged  such  that  the  receive  antenna  was  an 
asimutn  angle  of  i80°  The  received  signal  was 


Pg.  4  -  Stat.stics  test  on  me  ticus 


The  output  data  of  the  system  was  m  terms  pf  •-e 
magnitude  of  the  received  power  calibrated  wt” 
respect  to  tree-space  attenuatio:.  The  total  t-ee 
anenualion  includes  absorption  loss  and  scattc-  -g 
loss.  At  lower  frequericies.  absorption  s  me  "3' 
contribution,  but  at  miiiimeter-wave  'rec-e-c  es 
scatlenng  loss  becomes  an  important  facto'  oeca-;-’ 
'eaves  are  of  me  same  order  of  maqh'^ce  is 
wavelength) 
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Frequency  averag  ng  over  ’he  2  GHz  tanqwidth  of 
the  MMP  system  vos  used  to  reduce  tad;ng  effects, 
whenever  appiicadie  Plots  of  the  attenuation  versus 
rotation  angle  are  shown  in  Fig.  5fa)  for  the  pine  and  m 
F'g  5(b)  for  the  ficus  The  difference  between  the 
Single-frequency  attenuation  data  and  the  2-GH; 
averaged  attenuation  oata  is  on  the  order  of  oniy  q  3 
oB  This  indicates  that  the  transmitted  wave  is 
essentially  tn’aiiy  coherent,  in  contrast,  for  oistatic 
scattenng  at  0  ■  90°.' frequency  averaging  produces 
results  that  are  significantly  different  from 
smgie-frequnncy  results  because  the  scattered  signal 
is  essentially  incoherent  m  nature 
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F'g  5(3)  •  Attenuation  vs  rotating  angle  for  the  ficus 

tree  (  0  a  100’)  Showing  the  physical  asymetry 
of  the  tree 


w  nee« 


Polarization  information  gives  an  msight  ir'o  fo 
geometry  of  the  tree  At  lov/er  frequencies,  ore  wc-  0 
expect  the  W  return  to  be  stronger  than  cf-e' 
polarizations  because  of  the  oner.aticn  of  the  '-a  '■ 
branch  (continuation  of  the  ’  unk).  At  m:'  —e-e' 
frequencies  no  major  difference  have  been  cetecec 
when  comparing  the  two  types  of  trees  for  hh 
polarization  (0.4  dB).  However  the  two  trees  exr  0  t 
very  different  attenuation  values  for  VV  pciar  zatc'' 
(7  5  dB).  This  IS  due  to  the  vertical  stnjct':re  o‘  t-e 
branches  (see  Table  3). 


f:cvs 

HH 

-29.5  43 

-29.1  43 

W 

-27.1  -3 

-34.6  43 

Table  3  -  Transmission  loss  for  o< 
types  of  trees 


For  cross  polarization  (horizontal  transmission 
vertical  reception),  the  depolarization  ratio  of  t^e 
system  was  of  the  order  of  -24  oB  With  t^e  --oo 
present,  the  received  signed  levei  for  HV  ccia'  :a:  c" 
was  19  4  oB  below  that  received  for  VV  oc  ar  ;a;  c”  ’j' 
the  'icus.  This  difference  in  levei  is  inocat  .e  o*  •** 
degree  of  (nuitipie  scattering  that  takes  piaee  ^  ’-j 
foliage,  if  the  medium  consists  of  randomly  or  e^’ac 
scatterers  and  strong  multiple  scaneimg  takes  piace  - 
It.  the  HV-poiarized  signal  would  approach  the 
iike-poianzed  signal  if  the  path  length  s  suff  c  en;  y 
long  to  allow  incoherent  scattering  to  Pecome  •"'e 
dominant  component.  In  contrast  to  the  ficus  tree,  fe 
received  hv  •  poianzed  signal  for  the  pme  t'ee  was 
greater  than  the  VV  •  poianzed  signai  (i5  cB 
indicating  that  depoianzation  is  more  pronounced  " 
pme  than  m  ficus. 
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F  g  5(b)  •  Attenuation  vs  rotating  angle  for  the  pme 
tree  I  0  •  '60’; 


Attenuation  measurements  versus  forage  ceofn 
were  also  performed  by  adomg  some  fees  n  •-.? 
transmission  path  The  penetration  depth  at  a  ce-'a  " 
frequency  is  dependent  upon  the  geometry  of  me  “ee 
the  volume  percentage  of  foliage  and  the  water  cc-ie-’ 
of  the  tree.  The  power  level  was  recorded  wn.  e 
trees  were  rotatsd  about  meir  axis  of  symmerny  N 
positions  of  the  two  trees  The  N  posTons  we--? 
seieaed  by  a  random  number  generator  f.-om  :6C-  ■ 
360°  pots-bie  positions  The  same  procedure  was 
used  for  three  trees.  From  Fig  6.  't  is  possio  e  •: 
observe  the  nqri-near  bshavicr  of  anenuation  ve's-s 
foliage  dep'h;  i.e  .  the  anenuation  m  qecibeis  increases 
with  foliage  depth  at  a  rate  sOwer  than  imear  T”  s  s  - 
agreement  with  data  obtained  by  V'O'e’te  e'  a  - 
Moreover,  similar  trends  have  been  oose'-.e;;  -v  ■ 
transmission  loss  tr  ougn  snow  (7^ 
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Rg.  6  -  Anenuation  (dB)  for  several  trees  placed  >n 
senes  in  the  measurement  path 


3.2  Bistatic  Measurements 
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Fig.  a  -  Attenuation  vs.  rotating  angle  (or  the  pine 
tree  ( e  ■  90*) 


For  line-of-sight  tree-space  propagation  conditions 
(calibration  configuration),  one  can  use  the  Fms 
transmission  tormuia  to  dc'ine  the  calibration  power. 


Similar  measurements  were  conducted  m  the 
bistatic  mode  (or  a  smgia  tree  to  gam  mtormation  about 
Oistatic  scattenng  o(  a  tree  as  a  (unaion  o(  the  atiimuth 
angle  e  (see  Fig.  7).  With  the  transmitter  remaining 
fixed  m  location  and  onentation  and  the  tree  remammg 
fixed  m  location,  (he  receiver  was  moved  to  several 
locations  on  the  perimeter  of  a  orde  as  shown  m  Fig.  7. 
At  each  location,  the  received  signal  was  measured  as 
;ho  tree  was  made  to  rotate  about  its  axis.  Plots  of  the 
power  measured  versus  rotation  angle  of  the  tree  for  e 
■  90®  are  shown  m  Fig.  8.  The  single-freguency 
oatiern  i$  quite  different  from  that  averaged  over  a 
bandwidth  of  2  GHz. 


F  g  7  •  B  stric  Measurement  Set-Up  (top  view) 
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where  R  is  the  distance  between  the  two  antennas 
The  radar  equation  for  cxstatic  scanenng  i$  given  by 


Fig  9  •  BiStaliC  Scanenng  Measurement  tor 

poianzation  as  a  function  of  azimut"  <?  c 


0 
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w''ere  Rj  .  R,  •  R  2,  a-a  o  s  t^9  Oistatc  raaar 
c'oss-secvcn  z*  tfe  target  As  rrent^oriea  easier,  tfe 
•:tai  ore  ectea  a'sa  zf  tre  oeam  on  the  tree  'S  aooi^t 
0  02  Since  the  oeam  is  within  the  crown  ana 

covers  a  gooa  numoer  ot  scatterers  (the  totiago  can  oe 
aescrioea  as  a  collection  of  ranaomiy  onentea 
scatterers).  the  aroa-extensive  form  of  the  raaar 
equiation  can  oe  used: 

G.  G. 

P.  -  16  P,  - ; —  A  o  >3) 

(-0  P‘ 


wnere  A  is  the  illuminated  area.  Comoining  (2)  with  i3) 
leads  to 

P,  P, 

■  0  o’  or  o’  idB)  ioB)  •  3^  ,dB) 

e  c 

where  3  s  the  antenna  oeamwiotn  (3°) 

Figures  9-n  snow  plots  of  o®  as  a  function  of 
azimuth  angle  o  for  VV  poianzation.  HH  poianzation. 
and  HV  polarization,  respeciveiy  For  the  pme  tree  (VV 
poianzation),  the  anenuation  at  o  ■  '80®  is  larger  than 
at  '  70®  and  1 30®  This  is  Decausa  the  trunh  of  the  tree 
r.xhioits  strong  attenuation  for  the  V-poianzed  wave  (E 
parallel  to  the  trunk)  m  the  forward  scattenng  direction, 
in  general,  the  iike-poianzed  patterns  have  narrower 
main  loDes  in  the  forward  scattenng  direction  (e  > 
’80®)  than  those  of  the  cross-poianzed  panerns  For 
VV  polarization,  the  bistatic  scattenng  pattern  was 
ca"  ed  out  from  o  *  tO’  to  o  ■  350*.  Surprisingly, 
'ssita  of  difference  m  canopy  structure,  the  two  types 
of  trees  exhipit  comparable  bistatic  scattenng  patterns 


Fig.  to  •  BiStatic  Scattenng  Measurement  for  h  ' 
poianzation  as  a  funaicn  of  azimuth  arg.o  o 


Fig  11  •  Bistatic  Scattenng  Measurement  'or  hv 
poianzation  as  a  funaion  of  azimuth  ang  e  z 


4  CONCLUSION 

The  data  presented  m  this  paper  demonstrates  the 
utility  of  transmission  and  bistatiC  scattering  data  for 
Oeveioping  an  understanding  of  the  nature  of  tre 
scattering  that  takes  place  m  an  ah'Sotrop'C 
.nnomegeneous  medium  such  as  'oiiage  m  tuture 
phases  of  this  program,  additional  data  wiii  be  acquired 
ar'd  appropriate  scattering  mcdeis  wiii  ce  aeve>oped 
ar'd  exam.r'ed 
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A^ttraei—  \  35*(jHi  biMaiic  rcJar  wai  u\cd  to  matsura  the 

aiienujiion  through  tree)  and  the  bisiatic  Maiienng  pattern  of  tree 
foliage.  The  data  «*a«  found  to  be  tn  good  agreement  «iih  a  Arst^ordtr 
multiple  ^altering  model.  Measurements  »ere  also  made  to  study  the 
angular  variation  of  the  bistatic  scattering  coefficient  of  a  smooth  sand 
surface,  a  rough  sand  surface,  and  a  gravel  surface.  The  measure¬ 
ments.  which  were  mad?  for  HH.  .  and  W  polariiation  conhgu- 
rationt  over  a  wide  range  of  the  aiimuth  angle  a  and  the  scattering 
angle  •f,,  provide  a  quantitative  .efertnee  for  the  design  and  use  of 
milhmeter-wavi  btsiacic  radar  systems. 

1  Ktrodlction 

HERE  IS  A  deanh  of  data  available  on  the  milhmeter- 
wave  backscattenng  propenies  of  terrain  surfaces,  but 
by  comparison,  bistatic  data  is  almost  nonexistent  The 
only  bistatic  data  of  note  were  measured  in  the  late  IQfO  s 
at  1  1 3  GHz  1 1 )  and  in  the  mid-  1960  s  at  10  GHz  (Z).  The 
scarcity  of  bistatic  data  is  due.  in  pan.  to  the  fact  that 
bistatic  radar  measurements  are  more  difficult  to  make 
than  monosiatic  measurements,  and  this  is  especially  true 
at  millimeter  wavelengths 

This  paper  documents  the  results  of  an  expenmenial  in¬ 
vestigation  conducted  to  examine  the  extinction  and  bt- 
static  scattering  behavior  of  trees  and  the  bistatic  scatter¬ 
ing  patterns  of  smooth  and  rough  ground  surfaces,  all 
made  at  35  GHz 

11  Measurement  System 

The  data  reponed  in  this  paper  were  acquired  by  the 
35-GHz  channel  of  the  milhmeter-wave  polanmeter 
iViMP)  [3]  opera:;d  m  the  bistatic  mode  (Fig.  I)  The 
MMP  includes  a  swept-frequency  source  dnven  by  a  HP 
*(5I0A  vector  network  analyzer  li  sweeps  in  frequency 
from  .  to  i  GHz  The  signal  is  sent  to  the  transmitter 
vection  and  is  upconverted  tc  34-36  GHz  using  a  mixer 
and  fixed-frequency  Gunn  source  operating  at  32  GHz 
The  RF  signal  is  transmitted  by  a  lens-corrected  horn  an¬ 
tenna  with  a  beamwidth  of  4  2*  The  transmitter  section 
also  contains  a  lixed-frequency  source  operating  at  lO  7 
GHz  Pan  of  the  vwept  34-36  GHz  transmitted  signal  is 
sampled  by  a  direciional  coupler  and  then  mixed  with  the 
third  harmonic  of  the  10  7  GHz  using  a  harmon.v  down- 
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Fig  I  Block  aikgfaf^  ol  ihe  chanrfi  the  vunch  'perateJ 

ift  the  biMauc  ^riooe 

convener  to  produce  a  2-4  GHz  swept  frequency  signal 
for  the  reference  pon  of  the  HP  851 1 A  frequenev  con¬ 
vene'  (pon  a.  in  Fig  1 )  The  receiver  section  consists  of 
another  antenna  and  another  harmonic  downconverrer  A 
■aample  of  the  10  7-GHz  signal  transmitted  from  the  trans¬ 
mitter  section  to  the  receiver  section  through  a  lO-m-long 
low-loss  coaxial  cable  serves  as  the  local  .scillator  signal 
at  the  receiver  Thus,  all  cables  connecting  the  transmitter 
section  and  the  receiver  section  with  the  HP  85I0A  land 
associated  penpherals)  carry  2-4  GHz  signals  and  the  ca¬ 
ble  connecting  the  transmitter  to  the  receiver  carries  a 
10.7-GHz  signal.  This  design  arrangement  makes  it  pos¬ 
sible  to  operate  the  rads:  system  m  a  bis'aiic  mode  while 
maintaining  phase  coherence  between  the  transmuted  and 
received  signals  A  summary  u;  the  system  characteristics 
IS  given  in  Table  I 

The  system  was  used  m  a  laboratory  setting  for  mea- 
sunng  the  power  scattered  from  trees  and  from  sand  and 
gravel  surfaces,  as  discussed  next 

III  Measl'REment  of  Foliage  Aft^nlatios  wd 
Bistatic  Scattering 

Two  types  of  measurements  were  conducted  tor  trees 
1 1  transmission  measurements  lo  determine  the  attenua¬ 
tion  rate  versus  the  number  of  trees  in  ihe  transmisnun 
path,  and  2!  bistatic  scattenng  measurements  to  evaluate 
the  azimuthal  variation  of  the  bistatic  scattenng  coetfi 
cient  The  configurations  used  are  sketched  m  Fw  2  ir. 
bsuh  cases  ihe  i:anvmiiier  and  receiver  aniennj.  Ajr,- 
mounted  on  poles  at  the  same  height  aNwe  the  grou-i^;  j-  ; 
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table  I 

TmI  MMP  SVTTfM 


ihe  iransmiiter  remained  staiioniry  ihroughouc  both  e*- 
perimenis  Because  the  beamwidthj  of  both  transmit  and 
receive  antennas  were  on  the  order  of  4  2*.  an  infrared 
beam  was  used  (prior  to  placing  the  trees  in  the  transmis- 
M>’r  path)  to  l.•'sure  proper  antenna  alignment 
Two  divtinctlv  different  types  of  trees  were  selected  for 
examination  in  ihij  ^tudy  Ficus  and  Arbor  Vitae  (Fig  3) 
The  Ficus  tree  i  Ficus  Sitida-Creen  Cemi  has  small,  flat, 
'imple  leaves  approximately  10  cm' in  area  I  Fig  4)  The 
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Fig  4  photograph)  of  i  Ftcu)  leaf  and  4n  Ar^or  vijjc  !5rafti.A 


table  II 

Foliacc  IsfoaMAf'Ag 


Arbor  Vitae  had  a  branching  tr\jnk  arrangement  and  a  con¬ 
ical  crown  of  short  upwardly  spreading  branches  Its 
needles  were  approximately  1.3-3  mm  in  length  (Fig  4i 
Additional  information  about  these  trees  is  given  m  Table 
II.  The  complex  dielectnc  consunts  of  the  leaves  and 
trunk  at  35  CHz  were  estirruted  by  extending  1-20  GHz 
dielectnc  measurements  that  were  made  using  a  coaxial 
probe  (4)  to  33  CHz  by  applying  a  dielectnc  model  that 
was  recently  developed  for  vegeution  [5]  Over  the  ex- 
penmeni  duration,  the  trees  were  kept  in  pots  and  did  not 
c.ideigo  maior  changes;  however,  differences  as  large  as 
±3  dB  were  observed  between  transmission  measure¬ 
ments  made  a  week  apan.  These  vanations  are  attnbaied 
to  the  lOM  of  a  few  leaves  and  to  possible  changes  m 
moisture  content. 

A.  Smglt'Trtr  Anenuanon  Measurements 

For  the  single-tree  expenments.  the  iree  was  placed  .t 
a  rotating  platform  at  3  m  from  the  transmit  and  rece  se 
antennas.  The  antennas  were  placed  at  an  identical  heigh- 
of  I  8  m  that  provided  transmission  through  the  .cnirj 
region  of  the  crown  The  crown  was  approximjieu  i  -»  ■ 
m  diameter  for  the  Arbor  Vuae  tree  and  1  m  t.'r  ih^  F  .  .. 
Thus,  the  distance  between  each  ot  the  aniennj- 
outer  edge  of  the  tree  crown  was  about  2  m  T-c  .  •  , 


A.  3'^ 


this  spacing  was  sufficient  to  satisfy  the  far-tield  condi¬ 
tion.  transmission  measurements  were  made  for  several 
locations  of  the  tree  between  the  two  antennas  extending 
from  one  extreme  of  placing  the  center  of  the  tree  or'y 
Z  m  f.'om  the  transmit  antenna  and  -I  m  trom  the  receive 
antenna  up  to  the  opposite  extreme  of  placing  the  center 
of  the  tree  at  Z  m  from  the  receive  antenna.  The  trans¬ 
mission  loss  was  round  to  be  approximately  independent 
of  the  tree's  location  between  the  two  antennas  (variation 
s  Z  V.IB) 

The  received  signal  was  first  measured  with  no  trees 
present  in  the  transmission  path.  This  provided  the  free- 
space  reference  level  P,.  Then,  with  the  tree  standing  on 
a  rotatable  platform  placed  midway  between  the  two  an- 
lennas.  the  received  power  was  measured  as  a  function  of 
rotation  angle  over  360°  The  area  of  the  tree  illuminated 
by  the  antenna  beam  was  a  circle  approximately  15  cm  in 
diameter  (and  0.02  m’  in  area)  which  was  well  wuhin  the 
crown  of  the  tree  The  attenuation  A  is  related  to  the  re¬ 
ceived  power  P  through 

P  =  P,^'  II) 

and  in  decibels 

■tl  Jfl)  =  4  34  A 

=  10logiP,,P)  (2) 

Plots  of  the  measured  attenuation  versus  rotation  angle  are 
shown  in  Fig  5(ai  for  the  Ficus  tree  and  in  Fig  5(b)  for 
the  Arbor  Vnae  tree  We  observe  that  A(dB)  exhibits 
large  fluctuations,  panicularly  for  the  Ficus  tree,  which 
are  attributed  to  the  physical  asymmetry  of  the  trees.  For 
each  tree,  two  plots  are  shown,  one  corresponding  to  CW 
measurements  at  35  GHz  and  another  corresponding  to 
measurements  of  the  received  power  when  averaged  over 
a  Z  GHz  band  centered  at  35  GHz.  The  difference  be¬ 
tween  the  single-frequency  dau  and  the  2-GHz  averaged 
attenuation  is  on  the  order  of  only  0.3  dB.  This  indicates 
ihai  ihe  transmitted  vave  is  essentially  totally  coherent, 
and  that  the  relative  contribution  of  multiple  scattenng  is 
negligible  In  contrast,  for  b'sutic  scattenng  at  an  azi¬ 
muth  angle  +  =  90*  (with  ♦  as  defined  in  Fig.  2(b)). 
frequency  averaging  produces  results  that  are  significantly 
different  from  single-frequency  results  (as  discussed  later 
in  connection  with  Fig.  6)  because  the  bistatically  scat¬ 
tered  signal,  being  a  result  of  diffuse  scattenng.  is  essen¬ 
tially  incoherent  in  nature 

Table  III  presents  a  summary  of  the  attenuation  results, 
including  the  mean  values  of  the  measured  attenuation  and 
the  calculated  standard-deviation  to  mean  ratio.  For  the 
Ficus  tree,  the  mean  attenuation  is  approximately  the  same 
for  both  honzontal  (H)  and  venical  (V)  polanzations.  but 
for  the  Arbor  Vnae  tree  the  mean  attenuation  for  venical 
p<'lanzaiion.  ).  is  6  5  dB  greater  ihan '  The 
wjvf  polarization  i>  defined  as  V  when  ihe  E  field  is  m 
(he  venical  direction,  and  as  H  when  E  'S  in  the  plane 
parallel  to  the  ground  surlace  The  higher  attenuation  for 


fact  that  Its  branches  and  needles  were  oriented  m  're  ji.-ng 
the  vertical  direction  than  along  the  honzontal,  ir  contra  , 
with  the  Ficus  tree  whose  leaves  -vere  essentially  ran¬ 
domly  or.ented 

B  Prof,  jifoiton  Model 

Except  for  the  mam  trunk,  tree  foliage  consists  pm-a' 
ily  of  randomly  distnbuteo  leaves  lor  needier i  .m,. 
branches,  most  of  which  are  much  larger  than  the  wave 
length  in  size  (at  miiiinieier  wavelengths),  have  complex 
shapes,  and  are  charactenzed  by  a  quasi-uniform  orien¬ 
tation  distnbuiion.  These  properties  suggest  that  whereas 
individual  scattenng  elements  may  exhibit  highly  com¬ 
plex  and  polanzation-dependent  scattering  patterns,  an  el¬ 
emental  volume  dF  containing  many  of  these  elemeniv  i- 
likely  to  exhibit  propagation  and  scattenng  propenies  tnai 
are  weakly  polanzation-dependent  and  charactenzed  hy  j 
relatively  simple  scattenng  pattern.  This  prediction  is 
supponed  by  the  observations  made  in  this  study  that  show 
that  measurements  of  both  the  transmission  throush  and 
the  bistatic  scattenng  from  trees  exhibit  comparable  re¬ 
sults  for  H  and  V  polanzations. 

The  random  nature  of  the  tree  foliage  suppons  the  use 
of  transport  theory  (6)  for  modeling  wave  propaaation 
through  the  canopy  (7)  We  shall  consider  the  foliage  '.s' 
be  composed  of  randomly  distnbuted  panicles  with  num¬ 
ber  density  .V  (number  of  panicles  per  unit  volume i  and 
average  extinction,  total  scattenng.  and  bistatic  scattering 
cross  sections  a,,  a,,  and  respectively  By  uis-razr'. 
we  mean  that 

I  r* 

‘'r  °*  r,  \  <},{  D)  n{D)  dD  I  3  I 

iV  Jo 

where  n{D)  is  the  panicle  size  distnbution  and  a  i  D  i  is 
the  extinction  cross  section  of  a  panicle  of  size  D  Similar 
definitions  apply  to  a,  and  o»,.  as  discussed  by  Ishimaru 
in  (6.  p.  74). 

Tie  bisuiic  scattenng  cross  section  a»,  is  assumed 
be  azimuthally  symmetne  with  respect  to  the  forward 
scattenng  direction  (  ♦  »  0°  in  Fig  2(b))  Thus 

a*,!*)  =  a.gl'H  4 

and  since 

ff,  -  ^  j  j  Os,  I  'i' )  dn  '5 

4r 

the  Kattenng  pattern  gt  ♦  )  has  to  satisfy  the  condition 

iff 

In  their  analysis  of  millimeter-wave  propagatu  n  i-- 
trees.  Schwenng  and  Johnson  p)  proposed  a 
pattern  of  the  form 

g('i')=a/l'i')-(l-al 
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poUnutioii  *u  »(nic«l 

where /(♦)  I*  the  forward  lobe  of  the  scaitenng  pauem 
and  (I  -  a)  la  Its  isotrop'C  background  Thc>  lunhcr 
proposed  a  Gaussian  function  for/(  ♦ )  As  >*«  >*ill  vJi\- 
cuss  lifer,  we  measured  ihe  bisutic  scanermg  irom  a  ir;e 
and  determined  the  pattern  of  g(  ♦  )  espenmenui;^  The 
results  suggest  a  function  of  the  form 

/(♦)  -  :(1  ^  ' 


TABLE  III 
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*here  J.  is  the  eiTective  beamwidth  of  the  fon^ard  lobe 
and  IS  related  to  the  half-posver  bcamwidth  d,'  by  j;  =  1 .4 
J,.  The  multiplying  coelftcient  of  tne  above  function  was 
obtained  by  satisfying  the  condition  given  by  (6). 

An  additional  function  of  interest  is  ’he  normalized 
scattenng  pattern 

?.i  +  )  =  — — 

?( 0  1 

2af  1  -  J:'- 1  e'  *  -  I  I  -  a) 

:at  I  -  j;-)  -  (  1  -  a) 

C  Transmission 

For  line  of  sight  propagation  along  the  forward  direc¬ 
tion  I  ♦  =0)  with  no  trees  present  in  the  propagation 
path,  the  received  power  is  given  by 

(10) 

where  P,  is  the  transmitted  power.  G,o  and  C.o  are  the 
gams  of  the  transmit  and  receive  antennas,  X  is  the  wave¬ 
length.  and  2^  is  the  distance  between  the  two  antennas. 
W  hen  we  place  a  tree  of  crown  diameter  J  between  the 
transmit  and  receive  antennas,  the  foliage  attenuates  the 
incident  intensity  as  well  as  generates  some  forward-scat¬ 
tered  intensity  through  diffuse  bistatic  scattenng.  The  re¬ 
ceived  power  IS  given  by 

P  ^  P.  *  Pj  (II) 

where  P,  is  the  coherent  compone  t  (also  called  the  re¬ 
duced  incident  intensity)  given  by 

P.  •  P.ie""'^  (12) 

and  Pj  IS  'he  diffuse  component.  In  (12).  «,  is  the  extinc¬ 
tion  coefficient  (or  extinction  cross  section  per  unit  vol¬ 
ume)  of  (he  foliage  and  is  related  to  a,  by 

-  Vj,.  SPm-'.  (13) 

In  his  book  on  wave  propagation  in  random  media.  Ish- 

imam  |6|  provides  the  basic  formulation  for  relating  the 
diffuse  intensity  P^  to  the  scattenng  properties  of  the  me¬ 
dium  Schwenng  and  Johnson  |7]  extended  the  formula- 
non  hv  developing  an  elaborate  model  (hat  accounts  for 
all  orders  of  multiple  scanenng  in  the  form  of  a  senes 
solution  In  (he  present  analysis,  we  shall  adopt  their 
model,  but  we  shall  limit  the  formulation  to  the  first-order 
.oluiion.  which  takes  the  form 

-  /».,Ve  "''(exp  (.,aux/)  -  I)  (14) 

where  w  is  (he  scattenng  albedo  of  the  foliage  medium 

(15) 

«,  ,V<r,  a, 

and  V  IV  J  weighting  factor  related  (o  the  scattenng  pattern 
ei  +  1  and  the  radiation  pattern  of  the  receive  antenna  For 
i  receive  antenna  with  a  Gaussian  pattern  of  the  form 


Grid,)  =  G..,  exp  {  J,) 


the  factor  q  is  given  by 


3^(1  *  .3;) 


where  9^  is  the  antenna  angle  measured  from  the  boresieht 
direction  and  3^  is  the  effective  antenna  beamwidth  (  3^ 

-  0.6  3j  where  ij  is  the  half-power  beamwidth).  The 
above  expression  for  q  was  denved  by  integrating  the  bi- 
staticallv  scattered  intensity  over  the  antenna  pattern  and 
IS  valid  only  if  3,  is  significantly  smaller  than  3,.  (For  the 
expenments  discussed  in  the  next  section.  3^  s  2’  and 
3,  3  10*.) 

Upon  inscmng  (12)  and  (14)  in  ( 1 1).  we  get 

P  -  1  ♦  <?[exp  (*,autd  )  -  I  j }  (18) 

For  a  highly  directive  receive  antenna,  such  that  Jj  « 
3,.  and  x,d  not  very  large.  Pj  is  much  smaller  than  P  and 
P  3  P^.  When  this  condition  is  satisfied,  the  attenuat'jn 
is  AidB)  *  4  34  K,d  As  d  increases,  the  diffuse  com¬ 
ponent.  which  accounts  for  multiple  scattenng  in  the  me¬ 
dium.  becomes  more  important  relative  to  the  coherent 
component  and  eventually  becomes  the  dominant  term 
Thus 

A{dB)  »  10  log  iPo/P) 

-  -lOlog  {e*-'(l  -  n)}  fl9) 

a  4.34  (,d.  for  q[e''“^  -  1)  «  I  (20) 
a  4.34  t,d{  I  -  aw)  -  10  log  q, 

for  K,d  »  \.  I  2 1 ) 

The  expression  for  /t(dP)  given  by  (19)  includes  four 
unknown  parameters:  w.  a.  and  q.  Actually,  the  pa¬ 

rameter  q  is  »  proxy  for  3,  (because  the  only  other  param¬ 
eter  in  (17)  is  the  antenna  beamwidth  3,.  which  usually 
IS  a  known  quantity).  To  determine  the  values  of  four  in¬ 
dependent  parameters  from  expenmenul  measurements, 
we  need  to  conduct  at  least  four  nonredundant  experi¬ 
ments.  This  was  done  by  measunng  A(dB)  for  one  tree. 
(WO  trees,  three  trees,  and  four  trees  placed  in  the  propa¬ 
gation  path.  The  trees  were  placed  very  close  to  one  an¬ 
other.  simulating  a  continuous  canopy.  The  distance  be¬ 
tween  (he  transmit  and  receive  antennas  was  increased  lo 
about  8  m.  To  measure  the  average  attenuation  for  two 
trees,  72  measurements  were  made  corresponding  to  that 
many  combinations  of  azimuth  positions  of  the  two  trees, 
the  combinations  were  selected  by  a  random  number  gen 
erator  from  360  x  360  possible  combinations  A  similar 
procedure  was  used  for  measunng  the  attenuation  ot  three 
trees  and  four  trees.  The  experiment  was  conducted  tor 
Ficus  trees  only.  The  results,  which  are  discussed  m  de 
tail  in  Section  III-C.  confirm  the  general  dcpendeni.c  • 
4iu5l.  as  5iven  by  ( 19).  on  the  foliage  depth  j  an.:  j- 
in  agreeme.K  with  the  expenmental  results  repon,.- ;  ~. 
Violette  ei  al.  (81.  but  it  was  not  possible  to  obtain  , 
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Njluei)  tor  the  unknown  parameters  because  of  variations 
in  AiJB)  associated  wuh  phvsical  variations  among  the 
tour  trees,  li  was  not  possible  to  make  transmission  mea¬ 
surements  for  more  than  four  trees  because  the  attenuation 
measured  for  four  trees  (which  was  S2  dBi  was  only  10 
dB  above  the  receiver  noise  level  and.  therefore,  the  ad¬ 
dition  ot  another  tree  would  have  placed  the  received 
power  below  the  noise  level 

To  solve  this  problern.  we  decided  to  complement  the 
transmission  measurements  with  bistatic  scattering  mea¬ 
surements.  as  desenbed  m  Section  III-C.  The  formulation 
needed  for  analyzing  he  bistatic  measurements  is  given 
nest. 

In  an  effort  to  learn  more  about  the  transmission  and 
bistatic  scattenng  properties  of  foliage,  bistatic  scattering 
measurements  were  conducted  as  a  function  of  the  bistatic 
angle  ♦  defined  m  Fig  2(bi.  The  transmit  and  receive 
antennas  were  at  the  same  height  above  the  ground,  and 
their  beams  always  pointed  in  the  horizontal  plane  and 
always  intersected  at  the  center  of  the  crcle.  which  was 
also  the  center  of  the  rotatable  platform  on  which  the  tree 
was  placed.  Proper  alignment  of  t.he  antennas'  boresight 
directions  was  realized  (pnor  to  inserting  the  tree)  using 
infrared  guns  mounted  onto  the  transmitter  and  receiver 
platforms  and  an  infrared  detector  connected  to  a  vertical 
pole  placed  at  the  center  of  the  circle. 

With  the  transmitter  remaining  fixed  in  location  and  on- 
entation  and  the  tree  remaining  fixed  in  location,  the  re¬ 
ceiver  was  moved  ro  several  locations  on  the  penmeteroi 
the  circle  (Fig.  2(b)).  For  the  vertical-transmit  veittcal- 
receive  polanzation  configuration  (VV).  the  measure¬ 
ments  were  conducted  over  the  range  from  ♦  ■  -  170* 
to  ♦  =  1 70’.  but  for  the  HH  and  HV  polanzation  config¬ 
urations.  the  angular  range  was  limited  to  f  >  -90*  to 
*90*  Ar  each  receiver  position,  the  tree  was  made  to 
rotate  about  its  venical  axis  through  360*  in  discrete  in¬ 
crements  of  5*  The  received  power  P(4,)  was  recorded 
at  each  of  72  positions  compnsing  a  complete  rotation 
over  the  tree's  azimuth  angle  4,.  Sample  plots  of  the  re¬ 
ceived  power  for  ♦  ■  90*  are  shown  in  Fig.  6.  We  ob¬ 
serve  that  the  single-frequency  plot  and  the  plot  repre¬ 
senting  the  received  power  avenged  over  a  2-GHz 
bandwidth  are  poorly  correlated  with  one  another,  in  stark 
contrast  with  the  i'  0*  observations  discussed  earlier 
in  connection  with  Fif.  3.  Bisuiic  scanenng  at  an  azi¬ 
muth  angle  of  90*  is  a  result  of  diffuse  scattenng.  which 
IS  incoherent  in  nature  (does  not  preserye  phase  informa¬ 
tion).  and  therefore  the  received  signal  will  decorrelate 
with  frequency  sepaniton  Consequently,  frequency  av¬ 
eraging  helps  reduce  the  vanability  (of  the  received  sig¬ 
nal)  caused  by  phase  interference  effects;  the  standard- 
deviation  to  mean  ratio  of  the  measured  power  is  I  2  for 
the  single- frequency  (33-CHt)  data,  in  companson  to  O  S 
for  the  2-GHz  averaged  data  (34-36  GHz)  Because  of  the 
greater  precision  provided  by  frequency  averaging,  all 
bistatic  scattering  measurements  were  conducted  in  that 
mode  Each  bistatic  scattenng  data  point  presented  in  the 
remainder  of  this  section  is  based  on  measurements  of  the 


mean  value  of  the  received  power  P  with  the  averaging 
being  performed  over  both  the  angle  o,  (by  rotating  the 
tree  about  its  axis  over  72  positions)  and  frequency  tover 
a  2-GHz  bandwidth). 

Now.  we  shall  consider  the  power  received  at  an  angle 
♦  as  a  result  of  bistatic  scattenng  by  the  volume  formed 
by  the  intersection  of  the  beams  of  the  transmit  and  re¬ 
ceive  antennas  The  sketch  shown  in  Fig.  7  has  been 
drawn  at  the  coTect  relative  scale  so  as  to  show  the  size 
of  the  intersection  region  relative  to  the  dimensions  of  the 
tree  crown  For  an  elemental  volume  dV  located  at  point 
B  in  Fig.  7.  pan  of  the  power  incident  upon  it  in  the  in¬ 
dicated  direction  is  bisiatically  scattered  in  the  direction 
of  the  receive  antenna  at  an  angle  t  ♦  )  relative  to  the  in¬ 
cident  direction.  The  differential  power  arriving  at  the  re¬ 
ceive  antenna  due  to  scattenng  by  the  element  dV  at  the 
position  vector  f  is  proportional  to  .Va*,  ( r.  i  exp 
I  -r,  ( r  )  -  r-(  r  )  1,  where  Oi,,  ( ?.  'k  )  is  the  bistatic  scat¬ 
tering  cross  section,  and  r|(r  )  and  r;(r)  are  the  atten¬ 
uation  functions  associated  with  propagation  through  the 
foliage  to  the  element  at  r  (points  A  to  B  m  Fig  7)  and 
again  from  that  element  to  the  receiver  (points  B  to  C). 
respectively.  If  we  consider  first-order  multiple  scattenng 
contnbutions  only  and  we  regard  the  gams  of  the  two  an¬ 
tennas  as  constant  over  their  respective  beamwidths.  the 
radar  equation  takes  the  form  (6.  p.  73] 

?(♦)  - 

(4») 
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where  /f,(  ^  )  and  R,{f)  are  the  disunces  from  the  trans¬ 
mit  and  receive  antennas  to  the  volume  element  at  posi¬ 
tion  T.  We  shall  assume  that  a^{r.  S')  is  uniform 
throughout  the  foiiage-intersection-volume  and  that  it  is  a 
function  of  t  only.  In  that  case,  the  ratio  of  <22)  to  1 10) 
yields 
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where  /( t )  is  the  illumination  integral 
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*,  IS  the  extinction  coefficient,  d,  is  the  path  length  m  the 
foliage  traversed  by  the  incident  beam  as  it  propagates  to 
the  element  at  f.  and  </;  is  similarly  defined  for  the  pviwer 
scattered  by  the  element  toward  the  receiver  In  Fig  8. 
d,  and  d:  correspond  to  the  distances  between  points  X 
and  B  and  between  B  and  C.  respectively  From  i:''i  the 
bistatic  scattering  cross  section  per  unit  volume  is 
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Rotation  Angle  0^  (degrees) 

Fi|  6  Mcakurcd  rrcci«ed  power  >cnui  (rec  rotation  an|lc  (or  an  azitr.uih  biuaiic  an|l(  f  •  90*  The  wax  po'antation  was  scn>s  j> 


e>  tne  intcrKction  o(  tht  irwumii  snd  r*<ti»«  anittuu  bcamt 


cally  for  the  specific  geometry  and  antenna  patterns  js 
If  vse  use  (8)  to  replace  Afff*,  (  ♦ )  with  -V<r,  g(  ♦  )  and  then  iociated  with  the  measurements  of  P(  y  ).  Hence,  we  cjn 
replace  \a,  -nth  we  end  up  with  «.f «  ♦>.*»«  function  of  ♦.  2)  compare  the 

shape  of  the  pat'em  to  that  desenbed  by  the  iheoreiKjl 
...  _  ^  pg.  function  given  by  (6).  (7)  and  if  the  agreement  is  iooo 

Pq  r'i{  ♦ )  *  we  can  then  estimate  I, .  a.  and  d,. 

At  fini  examination,  it  would  appear  that  the  su..i.e>> 
C  Estimation  of  Foliage  Propagation  Parameters  procedure  would  hinge  on  having  a  priiiri  knowi 

With  regard  to  (26).  Pq  **  (calibration)  power  mea-  edge  of  Based  on  the  transmission  measurements  i.u 
sured  with  the  two  antennas  boresighted  towards  one  an-  one  tiee.  we  can  make  an  initial  estimate  cf  t,  bv  mnonr  .< 
other,  P(  ir )  IS  the  power  measured  when  the  receiver  is  the  contribution  cf  diffuse  Kattenng  and  using  1 2ui  to  ic 
at  angle  ♦.  P  ■  3m  is  the  radius  of  the  circle,  and  /(  +  »  termme  *,  Such  an  estimate  may  be  smaller  ih_n  ih<  t-.,.- 
IS  the  illumination  integral  given  by  (24)  If  the  extinction  value  of  but  not  larger  Furthermore,  careiui  esj  ” 
coefficient  «,  is  known,  we  can  compute  /(  +  )  numen-  nafon  of  the  illumination  integral  /t  +  i  resejN  i-iji  , 
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'rriali  ahjnsZtf  m  ^  aau'tf'  irii;  'c  al  the  .nerjll  pjiiern 
oi  /i  "fr  I  (o  change  hui  ha'  a  minor  inriuen^e  on  O'  'hape 
Hence.  Ubing  the  initial  e'limaie  of  i  5  ’  Vp  m  "  ii 
'hould  be  po"ible  to  determine  the  'hope  of  the  re'ultant 
pattern  ei  ♦  i  This  eserci'e  led  ii'  the  results  shovsn  m 
Fig  S.  uhich  shoas  the  .homuh/eJ  iuni.;ion  e.i'l'i  as 
derived  tr.'m  the  measureu  data  Mllowing  the  procedure 
.'utlined  above,  and  aUi'  xhoA ^  j  pi.n  ,ii  ihe  function  eiven 
bv  iv),  vciif,  pjrameiers  hjv  na  "veen  selected  to  best  tit 
the  esperimentallv  cNfrived  •an^imn  The  govHl  overall 
agreement  between  the  tw  >  tuncions  indicates  that  the 
tunctional  form  given  b>  I'l  is  appropriate  tor  gi  +  i 
.Moreover,  the  tit  allows  u'  iiv  obijin  reasonable  estimates 
of  a  and  J  and  an  initial  estimate  of  •  With  J,  alrejd> 
known,  we  can  compute  q  using  i  I"*.  If  we  then  insert  a 
and  q  in  i  19i  and  replace  ^  with  <  we  end  u(  with 
an  expression  for  AiJBi  that  has  vmls  one  unknown  pa¬ 
rameter  »,  By  comparing  the  expression  to  the  measured 
values  of  AiJB)  for  each  of  the  four  transmission  cases 
lone  tree,  two  trees.  •  •  .  four  trees),  we  obtain  four 

values  for  «,  W'e  ihen  use  the  average  value  as  a  new 
input  into  the  computation  of  ei  'i'  >  and  «. 

After  repeating  the  above  process  through  two  cycles, 
we  obtained  the  following  results 

«,  “  5  22  Np  m  ■ ' 

«,  *  4  7  Np  m  ■ ' 

w  «  09 

a  -  0  38 

J,  •  0  17  rad  ■9  5* 

and  the  theoretical  curve  shown  in  Fig  9 

The  preceding  results  suppon  the  validity  of  the  first- 
order  multiple-scattenng  propagation  model  given  in  Sec¬ 
tion  ni-B  and  provide  a  quantitative  picture  of  the  bistatic 
scaitenng  pattern  of  tree  foliage  at  35  GHz. 

IV  BiSTSTIC  SCATTEItlNG  VleA%U«EMENTl  FOIt  SanO 

AND  Gravel 

The  arrangement  used  for  making  measurements  of  the 
bistaiic  scaitenng  coefficient  of  sand  and  gravel  surfaces 
IS  illustrated  in  Fig.  10:  the  incidence  angle  9,  is  between 
the  surface  normal  and  the  boresighi  direction  of  the 
transmit  antenna,  a  stmtiar  definition  applies  to  the  scat- 
lenng  angle  9,.  and  the  azimuth  angle  P  is  defined  as  the 
azimuth  angle  of  the  boresight  direction  of  the  receive  an¬ 
tenna.  The  p  «  0  direction  (z-axisi  is  chosen  to  coincide 
with  the  azimuth  direction  of  the  transmit  antenna.  When 
using  narrow-beam  transmit  and  receive  antennas,  it  is 
difficult  to  achieve  perfect  overlap  of  their  footpnnts  on 
the  target  surface.  To  avoid  measurement  inaccuracies  that 
may  be  caused  by  imprecise  pointing  of  the  transmit  and 
receive  antennas,  a  broad-beam  antenna  was  used  for  re¬ 
ception  and  a  narrow-beam  antenna  was  used  for  trans¬ 
mission  The  transmit  antenna  had  a  beamwidth  of  4  2*. 
compared  to  15*  lor  the  beam  of  the  receive  antenna 
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Thus,  the  power  arriving  at  the  recr  -  •  z'sienna  is  essen¬ 
tially  the  result  of  scattering  by  the  aiea  illuminated  bv 
the  transmit  antenna. 

The  bistatic  scaitenng  measurements  were  composed 
cf  two  rnapr  expenmenis  In  the  first  expenmcnt.  both  ^ 
and  8.  were  maintained  constant  at  66’  and  the  azimuth 
angle  d  was  vaned  from  10*  to  180’  At  a  nominal  range 
of  3  2  m  between  the  target  and  the  transmit  and  receive 
antennas,  the  area  illuminated  by  the  transmit  antenna  was 
an  ellipse  with  minor  and  major  a.xes  of  24  and  .^0  cm. 
respectively.  The  urget  matenal  (sand  or  gravel)  was 
placed  in  a  ■’sandbox"  at  the  center  of  a  circle  approxi¬ 
mately  5  m  in  diameter.  The  sandbox,  whose  surface  had 
dimensions  of  1 .2  m  x  1,2  m,  was  much  larger  in  surface 
area  than  the  footpnni  of  the  transmit  antenna  The  floor 
area  surrounding  the  sandbox  was  covered  with  absorbing 
matenal. 

The  purpose  of  the  second  expenmeni  was  to  extend 
the  results  of  the  first  expenmem  by  examining  the  san¬ 
ation  of  the  bistatic  scattenng  coefficient  a’  i  5  .  8,  ,  o  i  as 
a  function  of  both  9,  and  P  for  a  fixed  value  of  9  ,  namely 
60*  The  rationale  for  choosing  9,  ■  66’  in  the  tirsi  ex¬ 
penmeni  and  60*  in  the  second  one  will  be  discussed  later 

A.  Calibraiion 

The  radar  equation  for  the  bistatic  scattenng  case  is 
given  by 


P  -  /», 
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where  P,  is  the  tnnsmitied  power;  Co  is  maximum  cam 
of  the  (transmit  or  receive)  antenna;  g(  ^  i  is  ihe  normal 
ized  radiation  pattern:  R  is  the  range  to  the  larcei  the 
subsenpts  f  and  r  stand  for  transmit  and  receive  re.pe> 
lively;  9  is  the  antenna  angle  reij'ive  to  ihe  K  reM,.'''  ji 
rection.  and  dA  is  an  element  of  a'ca  Xs-u  "  .  ' 

approximately  constant  over  the  angular  rjn,.  -o 
transmit  amenna  beamwidth.  the  precedme  eu  i  ■  i' 
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be  rewnnen  as 


where 


(■*») 
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(U 


(28) 


(29) 


IS  the  illumination  integral,  which  is  readily  compuuble 
from  knowledge  of  the  antennas'  ndiation  patterns  and 
the  measurement  geometry.  Because  the  beamwidth  of  the 
transmit  antenna  is  much  smaller  than  that  of  the  receive 
antenna,  the  illumination  integral  is  governed  pnmanly 
by 

The  system  was  calibrated  by  measunng  the  power  re¬ 
ceived  with  the  transmit  and  receive  antennas  pointing  at 
each  other  along  their  boresighi  direaiona.  This  provides 
the  reference  level  Pg  given  by  (10).  Combining  (10)  with 
(28)  provides  the  expression 


An  alternative  calibratiofl  approach  it  to  measure  the 
power  reflected  from  a  Sal  metal  plata  in  the  specular  di¬ 
rection  (i.e..  the  plate  iaonented  such  that  I,  ■  t,  and  lU 
surface  normal  is  in  the  plane  conuining  the  boresight 
directions  of  the  two  aniennu).  If  the  plate  is  much  larger 
than  the  3-dB  footpnnt  of  the  transmit  antenna  panem. 
image  theory  leads  to  the  same  expression  given  by  (10) 
if  2/f  IS  replaced  with  P,  R,.  The  two  calibration  ap¬ 
proaches  were  found  to  yield  results  that  agree  with  one 
another  within  a  dilTerence  of  1  dB. 

Using  the  meui  plate  as  a  specular  reflector,  the  axi- 
muih  pattern  of  the  transmit  antenna  was  measured  by 
moving  the  receive  antenna  in  azimuth  in  steps  of  2*  The 
results,  shown  m  Fig  1 1 .  are  in  close  agreement  wnh  the 
paiiem  measured  at  an  antenna  range.  Actually,  the  plot 
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IS  a  product  of  the  radiation  pancnia  of  the  transmit  and 
receive  antennas,  but  the  receive  antenna  pattern  is  much 
wider  than  that  of  the  transmit  antenna  and.  therefore,  its 
tlftci  on  the  shape  of  the  product  panem  is  secondary  m 
importance. 

B.  Noue  Performanct  attd  Mtoiurtmtru  Precision 
The  radar  system  used  in  this  study  had  been  designed 
to  step  in  frequency  from  34  to  36  GHz  in  401  steps  Bs 
Founer-transforming  the  frequency  response  of  the  re 
ceivod  signal  to  the  time  domain,  it  is  possible  to  gate  the 
time  response  such  that  reflections  from  objects  other  ihjn 
the  urget  area  are  Altered  out.  This  procedure  led  i  '  i 
noise-equivalent  level  for tf*  equal  to  -45  dB  Thei  -^c  • 
«•  value  presented  in  this  paper  is  -  33  dB.  corresfV'r.d  -  c 
to  a  signa!-io-noise  ratio  r^f  10  dB. 
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According  to  Rayleigh  fading  statistics,  the  ratio  of  the 
standard  deviation  s  to  the  mean  value  d’  associated  with 
a  radar  measurement  of  a  random  target  is  given  by 


VI  here  V  is  the  total  number  of  independent  samples  in¬ 
cluded  in  the  measurement  of  a*  (9).  In  the  present  study. 
10  spatially  independent  samples  were  measured  by  ro¬ 
tating  the  target  to  different  positions  while  always  point¬ 
ing  the  transmuted  beam  off-center  such  that  its  footprint 
IS  positioned  halfway  between  the  center  and  the  edge  of 
the  boa  For  10  independent  samples,  s/d*  a  0.3.  This 
IS  very  close  to  the  values  measured  expenmcnully  and 
presented  m  another  paper  in  this  issue  (9]. 

C  Target  Characiensiics 

The  targets  examined  in  this  investigation  iiKluded  two 
sand  surfaces  and  a  coarse  gravel  surface.  The  first  sand 
'urtace  was  prepaied  to  be  flat  and  smooth  and  the  second 
one  was  ariiflcially  roughened  to  generate  a  randomly  dis¬ 
tributed.  slightly  rough  surface.  Based  on  measuretnenu 
of  two  transects  of  the  surface  height  profllc,  the  rr  a 
height  IS  estimated  to  be  smaller  than  0.1  cm  for  the 
vmooih  surface  and  about  I  67  cm  for  the  slightly  rough 
surface  The  litter  surface  consisted  of  smooth  undula¬ 
tions  with  no  significant  small  Kale  structure;  the  undu¬ 
lations  looked  like  randomly  onented  plane  faceu  ap¬ 
proximately  10  cm  in  diameter.  The  gravel  consisted  of 
Stones  that  had  relatively  smooth  surfaces  and  ra.tged  tn 
size  from  1-2  cm  in  diameter. 

The  depth  of  the  matenal  placed  in  the  wooden  boa  was 
selected  ,uch  that  it  was  equal  to  twice  the  penetration 
depth  4,  The  complex  dielectnc  constant  of  the  sand  ma- 
lerial  was  measured  at  10  GHz  as  «  ■  2  5  -  /  0  03  The 
sand  was  totally  dry  Hence,  its  t  at  33  GHz  is  not  ex¬ 
pected  to  be  different  from  us  value  at  10  GHz.  This  leads 


to  5,  ■  7.5  cm  at  35  GHz.  The  sandbox  was  tilled  with 
sand  to  a  depth  of  IS  cm,  or  two  penetration  depths  The 
two-way  attenuation  for  a  depth  equal  to  2  5,  is  17  dB 
Thus,  contributions  from  depths  greater  than  15  cm  may 
be  neglected.  This  conclusion  was  venfied  expenmentallv 
by  measunng  the  received  power  from  the  sand  layer  as 
a  function  of  layer  thickness. 

D-  Bistattc  Scattering  From  Smooth  Sand 

The  first  question  that  needed  to  be  addressed  was 
“How  close  to  a  specular  surface  is  a  visually  smooth 
sand  surfKe  at  35  GHz?"  The  Kattenng  function  for  a 
specular  surface  is  a  delu  function:  for  a  given  incidence 
angle  9,,  power  is  reflected  only  in  the  direction  corre¬ 
sponding  to  9,  w  9,  and  •  >  180*.  Moreover,  the  re¬ 
flected  signal  is  totally  coherent  in  nature.  As  the  surface 
depaita  from  perfectly  smooth,  the  magnitude  of  the  co¬ 
herent  Kattenng  component  decreaKS  and  incoherent 
Kattering  becomes  preKnt  in  addition. 

To  answer  the  question  we  posed  above,  we  first  com¬ 
puted  the  Fresnel  reflectivity  P  for  sand  I  wnh  <-25- 
j  0.03)  u  a  function  of  the  incidence  angle  9  for  both  H 
and  V  polanzations  (Fig.  12).  We  wanted  to  choose 
such  that  the  ratio  r^l9,  )/rv(9, )  is  large  so  it  would  he 
easy  to  measure,  and  yet  we  did  not  want  9,  to  be  too  large 
because  that  would  make  the  pointing  geometry  difficult 
to  arrange.  In  our  first  expenment  we  chose  9  ■  66’ .  at 
thu  angle,  rH(66*)  ■  0.27  (or  -3  7  dB)  r,( 66’  i  = 
0.014  (Of  -18.3  dB)  and  the  ratio  Ph/Tv  *  1*^  <  or 

12.8  dB). 

With  9,  ■  66*.  the  received  power  was  measured  alone 
the  specular  direction  first  for  the  smooth  sand  suriace  and 
then  for  a  perfectly  conducting  flat  plate  placed  on  top  oi 
the  sand  surface.  The  signal  reflected  from  the  sand  'ur 
face  was  lower  than  that  reflected  from  the  meial  piaic  “av 
6  4  dB  for  H  polanzation  and  by  18  4  dB  tor  "v  r  '  jr 
ization.  Thus,  the  measured  reflectivity  Ph  and  (  ’  ■'i 

smooth  sand  surface  are  respectively  only  0  '  j''.:  "  '.V 
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lower  in  level  ih«.i  their  theoretical  counierpant  for  a 
specular  surface  In  other  words,  a  "visually  ’  smooth 
sand  surface  is  also  eleciromagnetically  smooth  with  re¬ 
gard  (o  reflection  along  the  specular  direction  at  33  GHz 
Fig.  13  shows  measured  values  of  the  bistafic  Kattenng 
coefficient  a*  {9,,  9„  0)  plotted  as  a  function  of  «  for  9, 
*  fl,  *  66*  The  plots  cover  the  range  from  10*  to  350*. 
although  ihe  actual  measurements  covered  only  the  range 
from  10*  to  180*  and  the  remaining  pan  is  a  mirror  im¬ 
age  We  observe  that  in  the  specular  direction,  /inn 
larger  than  by  12  dB.  but  outside  the  main  lobe  re¬ 
gion.  Ovv  tends  to  be  slightly  larger  than  (Smh 


In  our  second  expenmeni.  we  tised  9.  at  60*  and  mea¬ 
sured  o*{9,,  9„  as  a  function  of  «  for  t)  m  e 
es-entially  replicating  the  previous  espenmenn  and  a'  j 
function  of  9,  at  each  of  two  values  of  «.  namcis  l''i' 
and  270*.  Also,  the  measurements  included  obNcrvaii>'ns 
with  HV  polantation.  in  addition  to  HH  and  VV  p.<ijr 
izations.  The  polanzation  onentation  is  defined  '*iih 
sped  of  the  frame  of  reference  of  the  transmit  or  r.-i  e  -  . 
antenna  Thus.  HH  polarization,  foresample  rev-t, 
transmuted  wave  whose  E-held  points  alone  m,.  »  ; 
tion  iFig  14)  and  to  a  recci'-e  antenna  oriented  -i . 
waves  whose  C-held  is  along  the  i  direcnon  wf-v  -' 
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270*  and  along  ihe  y  direction  vnhen  4  ■  180*.  Thu 
rnean^  that  at  «  »  90*  we  ihouid  expect  stronger  cross- 
polarutd  scaitenng  than  like-polanzed  scattenng.  Our 
expectation  was  contirmed  by  the  results  shown  m  Fig. 
I5fa).  Uhv  >5  rnuch  smaller  than  Ohh  for  6  between  130* 
jnd  2 10*  (actually  Ohn  could  not  be  measured  at  o  « 
180*  because  it  is  lower  than  Ohh  hy  more  than  the  30- 
dB  depolanraiion  isolation  factor  of  the  antenna),  but 
(Jms  is  larger  than  tor  <9  ■  (W*-90*  (and  270*-300*( 
Fig  I5ibi  and  (O  depicts  the  vanation  of  a’{9  .  9,.  «i 


with  8,  at  0  *  130*  and  270*  Fig.  15(d)  shows  a  contour 
plot  of  <r*  as  a  function  of  both  9,  and  ©  The  plot  wj> 
generated  using  simple  inieq?olation  between  the  one  di¬ 
mensional  profiles  shown  m  parts  (a)-(ci  o'  Fig  1 5 

E  BiJidtic  Scattering  From  Rough  S^tnJ  jnJ  Cn  ■ 

The  like-polanzed  (HH  and  VV i  bistain.  >cjtn;r  "c  pji 
terns  of  the  rough  sand  and  gravel  sul1ace^  F  cn  ''  j 
and  l7(ail  exhibit  significantly  lower  levelA  n  -o  >re- 
ular  direction  and  their  main  lobes  are  hroaoer  -jn  -ne 
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p.iiicrns  i)t  ihe  iniooih  ■.und  surface  However,  jlonc  me 
'pccular  direction,  the  difference  between  a^„ijfli  md 
Jv\i</fli  IN  approximately  the  Name  lor  both  ihe  sm<iom 
and  rouch  Nand  surfacei 

V  CoNCLCDING  RtMARKS 

The  prime  objectives  of  this  phase  of  the  millimeter- 
wave  bistaiic  scattering  study  had  been  to  develop  cali¬ 
brated  instruments,  establish  measurement  approaches, 
and  acquire  samples  of  bistatic  scattering  data  for  a  vari¬ 
ety  of  targets  and  target  conditions  This  paper  prov  ides 
a  summary  of  how  these  objectives  veere  realized  and  the 
major  conclusions  drawn  from  the  experimental  observa¬ 
tions  The  next  step  will  involve  the  execution  of  care¬ 
fully  planned  experiments  designed  to  ev  aluate  the  depen¬ 
dence  of  the  bistatic  scaitenng  coefftcient  ir  ^  i  .  *1  o  i 
on  specitic  target  c ha racten sties,  such  as  the  dielectric 
constant  and  the  roughness  parameters  of  the  surface  Data 
from  such  experiments  will  then  be  used  to  guide  the  test¬ 
ing  and  development  of  theoretical  scattering  models 
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ABSTRACT 

Bistatic  radar  mcasurementa  were  conduaed  for 
sand  and  gravel  surfaces  to  evaluate  the  variation  with 
azimuth  angle  and  polarization  configuration  lor 
various  surface  roughnesses.  The  measurements 
were  made  at  35  GHz  using  the  Millimeter-Wave 
Polarimefer  (MMP)  system.  With  the  transmit  and 
receive  antennas  oriented  to  observe  tne  target  at  the 
same  incidence  angle  (6;  ■  9,).  the  received  power 

was  recorded  as  a  function  of  the  azimuth  artgle  e  over 
the  range  from  10*  to  180*  (specular  direction).  A 
second  expenment  is  planned,  which  will  consist  of 
measurements  at  a  ■i80*  as  a  function  of  9,  for 

specific  incidence  angles  9;.  Assuming  the  scattering 
pattern  of  the  target  can  be  modeled  as  a  product  cf  an 
azimuth  panem  f(e)  and  an  elevation  pattern  ((9),  9,), 

the  two  sets  ot  measurements  provide  an  estimate  of 
the  bidirectional  scanenng  function  of  the  target  Such 
a  function  is  far  supenor  for  evaAjatfng  the  validity  arxl 
degree  of  applicability  of  theoretical  acanering  models 
than  the  traditional  approach  of  only  testing  the 
bacKscatter  response  as  a  function  of  Incidence  angle. 

Keywords;  Radar,  bistatic  acattertrtg,  miMmeter-wave 
systems. 

I.  INTRCXXJCnON 

Compared  to  the  volume  of  badtacatlering  data 
available  for  both  point  and  distributed  targets,  bistatic 
data  is  almost  nonexistent.  The  only  bistatic  data  of 
note  were  measured  in  the  late  1950's  at  1.15  GHz  [i| 
and  in  the  mid-i960's  at  10  GHz  [21.  The  scarcity  oT 
bistatic  data  is  in  part  due  to  the  tact  that  bistatic  radar 
measurements  are  more  dIffIcuN  to  make  than 
monostatic  measurements.  From  the  standpoint  of 
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testing  and  evaluating  the  applicability  of  theoretical 
scanenng  models,  however,  the  availability  of  bistatic 
data  provides  two  additional  degrees  of  freedom,  in 
the  backscatter  case,  the  incidence  angle  9^  and 

scattered  angle  9,  are  spual,  and  the  azimuth  angle 

between  the  incident  and  scattered  directions,  o.  is 
zero.  Hence,  for  an  azimuthally  symmetric  randomly 
distributed  target,  which  most  terrain  surfaces  are.  the 
backscattering  coefficient  is  a  function  o<  only  one 
directional  variable.  9|.  In  the  bistatic  case,  all  three 

arglcs  (9{,  9,,  and  #)  are  independent  vanabies  If 

bistatic  data  are  available  to  characterize  the 
bidirectional  scattering  function  of  a  target,  the  process 
of  developing  a  scattering  model  appropriate  to  the 
target  or  class  of  targets  under  consideration  anc  the 
testing  of  these  models  would  be  greatly  faoiitated. 

This  paper  describes  an  attempt  to  calibrate  a  35 
GHz  scanerometer  system  and  to  use  it  to  make  bistatic 
scanenng  measurements  for  sand  and  gravel  surfaces. 

II.  SYSTEM  DESCRIPTION 

The  block  diagram  shown  in  Fig.  t  depicts  the  basic 
elements  of  the  Mllimeter-Wave  Polanmeter  (MPP) 
system  when  operated  in  the  bistatic  mods.  Details  of 
the  system  desenption  are  given  m  [3],  For  the 
purposes  of  the  present  study,  the  system  was 
operated  at  35  GHz  and  used  to  make  HH-  and 
W-poiarized  measurements  over  a  wide  range  of  the 
azimuth  angle  9.  The  arrangement  used  is  illustrated  m 
Fig.  2:  the  wigle  9|  is  batwean  tha  surtaca  normal  of  the 

targets  surtaca  and  tha  borasight  direction  o;  the 
transmit  antenna,  a  similar  dafinition  appliss  to  the 
scattering  angle  9g,  and  the  azimuth  angle  a  is  defined 

as  the  azimuth  angle  of  the  boresight  direction  of  me 
receive  antenna  (the  x-axia  is  chosen  such  that  the 
azimuth  angle  of  the  transmit  dirsaion  is  zero)  To 
avmu  nw«auiemi.it  errors  associated  with  the  pointing 
of  the  transmit  and  receive  antennas  such  that  tneir 
footpnnts  always  overlap  perfectly,  a  broad-beam 
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/  V  where  P.  is  ihe  iransmined  power;  Gn  'S  maxirp'  ca  n 

/  ot  the  (transmit  or  receive)  antenna,  g(9)  s  t-e 
normalized  radiation  pattern;  R  •$  the  range  'o  ’"e 
target;  the  subscripts  t  ana  r  stand  tor  trarsn-,; 
receive,  respectively;  9  is  the  antenna  ■'  ;ie  re'ative  to 
ih’  ooresight  direction;  0°  is  the  t  tatic  scattenrg 
jefficient  of  the  target,  and  dA  is  an  element  ot  area 
»£*|  Assuming  0“  is  approximately  constant  ovet  me 

' — angular  range  of  the  transmit  antenna  oeamwioth  ma 
preceding  equation  may  be  rewniten  as 


I _ I 

pig.  1  Block  diagram  of  the  MMP  operating  m  the 
bistatic  mode. 


Fig.  2  Geometry  of  the  bistatic  measuremen  problem. 

a  ;enna  was  usedvfor  reception  and  a  narrow-beam 
antenna  was  used  for  transmission.  The  transmit 
antenna  had  a  baamwidth  of  3*.  compared  to  aoout  15* 
for  the  receive  amenna.  At  a  nominal  distance  of  3.2  m 
between  the  target  and  the  transmit  and  receive 
antennas,  the  illuminated  area  for  9|  ■  9,  ■  66*  is 

1 7  cm  X  42  cm  for  the  transmit  beam  and  85  cm  x 
200  cm  for  the  receive  beam. 

The  radar  equation  for  the  bistatic  case  is  given  by; 


P,.P|X2 


°IIJ°iO  f  9|»|I»,<V 


o*dA  .  (1) 


P,.P,x=^o.: 

(4ll) 


where  r,  the  illumination  integral,  may  be  ccmcu’ed 
from  knowledge  of  the  antennas'  radiation  patterns  ana 
the  measurement  geometry. 

A.  Calibration 

The  system  was  calibrated  by  measuring  ;ne 
leceived  power  with  the  transmit  and  receive  antennas 
pointing  at  each  other  along  their  bores'ght  direct  cns 
If  this  is  referred  to  as  the  calibration  signal  P,-, 

{4xRc) 

where  is  the  distance  between  the  two  antennas, 
then 


0* 


An  alternate  calibration  approach  is  to  measure  'he 
reflected  power  from  a  flat  metal  plate  m  the  specu  ar 
direaion  (i.e.  ’he  plate  is  onented  such  that  9,  -  9^  anc 

its  surface  normal  is  m  the  plane  containing  me 
boresignt  direoions  of  the  two  antennas),  if  the  plate  s 
much  larger  than  the  footpnnt  of  the  transmit  antenna 
pattern,  image  theory  leads  to  the  same  express. cn 
given  by  (3)  if  Rg  is  replaced  with  R^  ♦  R^  The  two 
calibration  approaches  were  found  to  yioid  results  that 
agree  with  cne  another  within  an  accuracy  range  c* 
about  1  dB 

Using  tie  metal  plate  ac  a  specular  reflector,  me 
azimuth  pattern  of  the  transmit  antenna  was  measurer 
by  moving  the  receive  antenna  m  azimuth  m  steps  c* 
2*.  The  results  are  shown  i.n  Fig  3  Actually  "■e  pcs 
a  product  of  the  radiation  patterns  of  the  transm  :  a-o 
receive  antennas,  but  the  receive  antenna  patter"  s 
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much  wider  than  that  of  the  transmit  antenna,  and 
hence  its  effect  on  the  shape  of  the  product  pattern  is 
secondary  in  importance. 

B.  No-se  Peftormanra 

The  radar  system  is  designed  ■'  step  in  frequency 
from  34  GHz  to  36  GHz  m  401  steps.  The  2-GHz 
bandwidth  provides  two  major  advantages.  By 
Founer-transformmg  the  frequency  response  to  tne 
time  domain,  it  is  possible  to  gats  the  time  response  to 
correspond  to  refleaions  from  the  target  area  alone, 
thereby  eliminating  reflections  from  other  targets  or 
Objects  in  the  test  area.  This  procedure  led  to  a 
noise-equivalent  'evel  for  o*  equal  to  -45  dB.  When 
absorbing  matenal  was  used  to  cover  the  target  area, 
the  reflected  power  corresponded  to  o*  ■  -  25  dB.  This 
IS  because  the  test  was  performed  for  0j  ■  dj  -  66*  and 

0  ■  90*.  Away  from  normal  incidence,  the  reflection 
performance  of  absorbing  materials  deteriorates 
rapidly  for  large  values  of  6.  As  a  data-quality  test,  only 
values  of  d*  larger  than  -35  dB.  which  corresponds  to  a 
signai-to-noise  ratio  of  at  least  10  dB.  are  considered 
acceptable  for  further  processing  and  analysis. 

C.  Measurement  PrecK, on 

The  second  major  advantage  derived  from  using  the 
2-GHz  bandwidth  is  that  by  averaging  the  received 
Signal  over  such  a  wide  bandwidth,  the  precisio.n  with 
which  d*  IS  measured  is  greatly  imoroved.  According  w 
Rayleigh  fading  statistics,  the  ratio  of  the  standard 
deviation  s  to  the  mean  value  a*  assodaied  with  a 
radar  measurement  of  a  target  is  given  by 


where  4  is  the  total  number  of  independent  samples 
included  in  the  measurement  of  o*.  Frequency 
averaging  over  a  2-GHz  bandwidth  provides 
approximately  five  independent  samples  for  the 
geometry  used  m  this  study.  The  calculation  leading  to 
Nf  3  5  is  based  on  the  expressions  given  in  [4], 

In  addition  to  frequency  averaging,  spatial  averaging 
was  used  by  rotating  the  target  about  its  own  axis.  This 
ted  to  t'O  independent  spatial  samples.  Hence. 
N  •  Nf  N j  a  50,  and  Vo*  a  C  1 4. 

III.  RESULTS 
A.  Target  Characfarfstirs 

The  targets  exammed  m  this  phase  of  the  program 
included  two  sand  surfaces  and  a  coarse  gravel 
surface.  The  first  sand  surface  was  prepared  to  be  fiat 


and  smooth  and  the  second  one  was  artificially 
roughened  to  generate  a  randomly  distnbuted.  slightly 
rough  surface.  Based  on  measurements  of  two 
transects  of  the  surface  height  profile,  the  r.m.s.  height 
IS  estimated  to  be  smaller  than  0.1  cm.  for  the  smooth 
surface  and  about  1.67  cm  for  the  slightly  rough 
surface.  The  latter  surface  consisted  of  smooth 
undulations  with  no  small  scale  structure;  the 
undulations  ooKed  like  randomly  onented  plane  facets 
approximately  10  cm  m  diameter.  The  stones  in  the 
gravel  had  diameters  ranging  from  i  to  2  cm. 

^The  target  matenal  (sand  and  gravel)  was  placed  m 
a  'sand  box*  at  the  center  of  a  circle  approximately  5  m 
in  diameter.  The  sand  box  could  bo  rotated  about  its 
axis.  The  sand  box  v  as  several  times  larger  than  the 
the  size  of  the  antenna  footpnnt  at  the  target  surface 
The  depth  of  matenal  placed  m  the  box  was 
determined  through  calculations  and  verified 
experimentally.  The  dieiectnc  constant  of  the  sand  was 
measured  at  10  GHz  as 

e  1 2.5  •  j0.03 .  (6) 

The  sand  was  totally  dry.  Hence,  the  dieleanc  constant 
of  the  sand  at  35  GHz  is  not  expeaed  to  be  different 
from  that  at  10  GHz.  The  penetration  depth  for  e'/e’ «  1 
is  given  by 

5  •  a  7.5  cm  .  (7) 

P  2*e* 

The  sandbox  was  filled  with  sand  to  a  height  of  i5  cm. 
or  two  penetration  depths.  The  two-way  attenuation  tor 
z  ■  25p  is  17  dB.  Thus,  contibutions  from  depths 
greater  than  1 5  cm  may  be  neglected.  The  fact  that  this 
was  a  valid  conclusion  was  venfied  expenmentaiiy  by 
measuring  the  received  power  from  the  sand  layer  as  a 
function  of  layer  thicKness. 

The  stones  comphsing  the  gravel  had  a  permittivity 
e'  •  4  6  at  10  GHz.  The  thickness  of  the  gravel  layer 
used  m  this  study  was  1 5  cm  also. 

B.  Blsiatle  Sctffenng  From  Smtfoth  Sand 

The  first  question  that  needed  to  be  addressed  wai 
How  close  to  a  specular  surface  is  a  *visuaiiy*  smooth 
sand  surface  at  35  GHz?  The  scanenng  function  for  a 
specular  surface  Is  a  delta  funaion.  for  a  given 
incidence  angle  9j,  power  is  reflected  omy  m  the 

direction  corresponding  to  9,  ■  9,  and  e  ■  tSO* 

Moreover,  the  reflected  signel  is  totally  coherent  >n 
nature.  As  the  surface  departs  from  perfeci'y  smoom 
the  magnitude  of  the  coherent  scatienng  comconef't 
decreases  and  ncoherent  scattering  becomes  prese’'’ 
in  addition. 
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Fig.  6  M«asur«d  bistatic  scanaring  pattam  of  a  graval  surfaca. 
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With  Sj  ■  66®.  the  received  power  was  measured 

along  the  specular  direction  first  Tor  the  smooth  sand 
surface  and  then  for  a  perfaaiy  conduamg  flat  plate 
placed  on  top  of  the  sand  surface.  The  signal  reflected 
from  the  sand  surface  was  lower  than  that  reflected 
from  the  metal  plate  by  6.4  oB  for  H  polanzation  and  by 
18.4  dB  for  V  polanzation.  For  a  specular  sar>d  surface, 
the  difference  m  level  should  be  epual  to  F^(66®)  for 

H  polanzation  and  epuai  to  ry(66®)  for  V  polanzation. 
where  r*(66')  is  the  Fresnel  reflectivity  at  9j  •  66*  For 
a  sand  surface  with  e  as  given  by  epuanon  (6). 
r^(66®)  -  0.27  and  rv;66“)  -  0.014  The 
corresponding  values  in  dB  are  r*--5.7  oB  and 
Ty  -  '18. 5  dB.  fhus.  the  measured  reflectivitias 
and  fy  are  0.7  dB  and  0.1  dB  lower  m  level  than  their 

specular  counterparts.  In  other  worcs.  a  'visually* 
smooth  sand  surface  is  also  eiectromagneticaily 
smooth  with  regard  to  reflection  along  the  specular 
direction  at  35  GHz. 

Figure  4  shows  measured  values  of  the  bistatic 
scattenng  coeffioent  <T®(0j.  9,.  e)  plotted  as  a  fijnaion  of 

« for  ■  9j  ■  66*.  The  plots  cover  the  range  from  10® 

to  350*.  although  the  actual  measurements  covered 
only  the  range  from  10*  to  180*.  We  observe  thai  m  the 
specular  direction,  is  larger  thiin  by  i2  dB. 
but  outside  the  mam-iobe  region.  Oyy  tends  to  be 
slightly  larger  than 

C.  BistJiie  Scattffnnn  Frnm  Rnimh  Sand  Surface 

The  bistatic  scattering  panems  o''  the  sHghtfy  rough 
sand  surface  (Fig.  5)  eshipit  signifliantfy  lower  levels 
than  the  smooth  sand  surface  along  the  specular 
direction,  by  about  17  dS.  but  the  ration 
remains  the  same  (12  dB)  as  (or  the  smooth  surface. 
Outside  the  mam  lobe  region,  o*  of  the  slightly  rough 
surface  IS  generally  higher  in  level  than  that  of  the 
smooth  surface  and  the  levels  are  axut  the  same  for 
tne  two  polanzations. 

D.  Bi^tatie  Scattenng  From  Qravef 

The  scattenng  patterns  shown  in  Fg.  6  for  gravel  are 
somewhat  sim.lar  to  those  observi»d  for  the  rough 
surface  except  that  the  difference  between  and 

Oyy  are  for  gravel  than  fer  the  sand  surface  (8.5  dB 
compared  to  12  dB). 

For  purposes  of  comparison  of  the  bistaiic  daia 
measured  lor  the  three  surfaces  discjssed  above.  Figs. 


7  and  8  show  the  HH-poianzation  and  VV-odar  zat  on 
curves  presented  eanier  m  Figs.  4-6. 

IV.  CONCLUSIONS 

The  matenal  presented  in  this  paper  represents  the 
first  phase  of  a  new  program  designed  to  establish  the 
bistatic  scattenng  behavior  of  natural  surfaces.  The 
pnmary  tasks  realized  so  tar  include  system  calibration 
and  noise  performance  evaluation  and  preliminary 
attempts  to  analyze  the  azimuthal  variation  o*  the 
bistatic  scattering  patterns  of  smooth  and  rough 
surfaces,  in  future  phases  of  the  program,  bistatic 
patterns  will  be  measured  as  a  function  of  aii  three 
angles  (6j.  9^.  and  e)  for  many  types  of  distributed 

surfaces.  Additionally,  appropriate  scattering  mocets 
will  be  developed  as  a  function  of  the  dieiectnc  and 
geometncai  paramete.'s  of  the  targets. 
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Abstract 

At  millimeter  wave  frequencies  a  typical  leaf  is  a  significant  fraction  of  a  wave¬ 
length  in  thickness,  and  its  nonuniform  dielectric  profile  now  affects  tne  scattering. 
To  provide  a  simple  and  efficient  method  for  predicting  the  scattering,  two  types 
of  physical  optics  approximations  are  examined.  The  fint  approximates  the  vol¬ 
ume  polarization  current  by  the  current  which  would  exist  in  an  infinite  dielectric 
slab  with  the  same  profile,  while  the  second  (and  simpler)  one  employs  the  surface 
current  which,  on  the  infinite  slab,  produces  the  known  reflected  field.  It  is  shown 
that  the  first  method  is  superior,  and  provided  the  actual  dielectric  profile  is  used, 
it  predicts  the  scattered  field  to  an  acoiracy  which  is  adequate  for  most  practical 


purposes. 


slab,  produces  a  plaae  wave  identical  to  the  reflected  field,  and  this  is  the  surface 
current  physical  optica  (SCPO)  approximation. 

For  an  electrically  thin  leaf  or  plate,  the  two  approximations  are  indistinguish¬ 
able,  but  as  the  thickness  (or  frequency)  increases,  the  predicted  scattering  differs 
in  most  directions,  and  by  comparison  with  the  results  of  a  moment  method  solu¬ 
tion  of  the  volume  integral  equation,  it  is  shown  that  VIPO  is  superior.  In  addition, 
for  a  two  layer  material,  it  is  no  longer  adequate  to  treat  the  plate  as  homogeneous 
one  having  an  average  dielectric  constant.  Provided  the  actual  dielectric  profile  of 
a  leaf  is  simulated,  it  appears  that  VIPO  can  predict  the  scattering  behavior  of 
a  leaf  to  an  accuracy  that  is  sufBcient  for  most  practical  purposes  at  millimeter 
wavelereths. 

2  Structure  of  a  Leaf 

The  structure  of  a  typical  vegetation  leaf  is  shown  in  Fig.l.  The  type  and  number 
density  of  cells  may  vary  as  a  function  of  depth  into  the  leaf  which,  in  turn, 
results  in  a  nonuniform  dielectric  profile.  The  effect  of  this  nonuniformity  becomes 
observable  at  higher  frequencies  where  the  thickness  of  the  leaf  is  comparable  to 
the  wavelength. 

Leaves  contain  two  types  of  photosynthetic  cells:  palisade  parenchyma^  consist¬ 
ing  of  coluffln-shaped  cells  in  which  most  photosynthesis  takes  place,  and  spongy 
partnchyma,  which  consist  of  irregularly  shaped  cells  with  large  spaces  between 
them.  Because  a  large  part  of  the  vegetation  material  is  water,  its  dielectric  con- 
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as  4  dB  at  140  GHz. 


3  Physical  Optics  Approximations 

At  microwave  frequencies  where  a  typical  leaf  is  no  more  than  about  Ac/50  in 
thickness  with  lateral  dimensions  comparable  to  or  larger  than  the  wavelength, 
the  scattering  properties  can  be  accurately  predicted  using  the  physical  optics 
approximation  applied  to  a  resistive  sheet  model  of  a  leaf  [Sarabandi  et  al,  1988]. 
In  effect,  the  leaf  is  modeled  as  au  infinitesimally  thin  layer,  but  as  the  frequency 
increases,  it  is  necessary  to  take  the  leaf  thickness  in  to  account.  There  are  now  two 
types  of  physical  optics  approximation  that  can  be  employed.  The  standard  one  is 
the  surface  cut  rent  (SCPO)  approach  in  which  an  infinite  dielectric  slab  is  replaced 
by  an  equivalent  sheet  current  that  produces  a  plane  wave  identical  to  the  reflected 
wave  of  the  slab.  This  current  is  then  used  as  an  approximation  tc  the  equivalent 
surface  current  over  the  upper  surface  of  a  finite  dielectric  plate.  Alternatively, 
the  induced  (volume)  polarization  current  in  the  plate  can  be  approximated  by  the 
current  in  the  infinite  dielectric  slab,  and  we  shall  refer  to  this  as  the  volume  integral 
physical  optics  (VIPO)  method.  It  is  tuore  accurate  than  th-i  SCPO  method, 
although  the  latter  is  more  convenient  to  use  for  evaluating  the  sva  tered  field. 

To  illustrate  the  two  procedures,  consider  a  dielectric  plate  consisting  of  a 
homogeneous  dielectric  of  thickness  d|  and  relative  permittivity  «j  atop  a  second 
material  of  thickness  dj  —  d\  and  relative  permittivity  «j.  The  plate  occupies  the 
region  -f  <  y  <  f,  <  y  <  }•  and  -dj  <  r  <  0  as  shown  in  Fig.  2,  and  is 
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The  corresponding  results  for  a  single  layer  of  thickness  dj  and  relative  dielectric 
constant  tj  can  be  obtained  by  putting  dj  =  di  and  kj,  =  k^,,  implying  Bi  =  B\ 
and  Az  =  /li- 

Given  a  volume  distribution  of  electric  current  J  in  free  space,  the  correspond¬ 
ing  Hertz  vector  is 


where  I/Vq!  is  the  free  space  impedance,  and  the  resulting  held  is 

E(f)  =  V  X  V  X  n(r). 

H(f)  =.  -iJtoVoV  X  n(r). 

In  the  fair  zone  of  the  current  distribution 

n(?) «  0^  ( (7) 

and 

E(i«)  as  -kit  xtx  n(r).  (8) 

In  the  dielectric  slab  the  volume  current  J  is  the  polarization  current 

J  - -iWc,  -  l)£:»y.  (9) 

where  E,  hais  the  value  appropriate  to  each  layer  (;’  :■  1,2),  and  when  this  is 
inserted  into  (6)  and  the  integration  carried  out  over  the  volume  occupied  by 


1 


produces  «  plane  wave  identical  to  the  field  reflected  from  the  dielectric  slab.  As 
evident  from  the  impulse  function  ^(z)  in  (16),  th».  urrent  is  located  at  the  upper 
surface  of  the  slab,  and  when  (16)  is  inserted  into  (6)  we  find 

,  sin  X 


(IT) 


and  the  far  field  amplitude  is  then 

Sf '’°(«..«o)  =  y^co8<?ora6ii^.  (18) 

In  the  specular  ($,  =  -5o)  iod  backsccttering  (5,  =  ^o)  directions  it  can  be  verified 
that  (14)  and  (IS)  are  identical,  but  in  the  other  directions  the  two  approximations 
differ. 

In  the  case  of  H  polarization  for  which 


(19) 


the  analysis  is  similar.  With  represented  m  shown  in  (2),  the  various  coefficients 
(now  indicated  by  primes)  differ  frem  those  for  E  polarization  in  having  ki,  replaced 
by  ^ii/<i  *j*  replaced  by  everywhere  except  in  the  exponents.  The 

induced  polarization  current  then  has  two  components  and  is  given  by 

J  ■»  -  l)(£.x  +  £,z).  (20) 

where  £,  *  ZodHfJdi  and  £,  w  Z^H^I dx  b*ve  the  values 

appropriate  to  each  layer  (j  »  1,2).  The  Hertz  vector  can  be  computed  using  (6), 
and  for  the  scattered  field  H*,  the  far  field  amplitude  is  found  to  be 

-  .in5.£i)-  (21) 
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4  Numerical  Results 


To  illustrate  the  difference  between  the  VIPO  and  SCPO  approximations  we  con¬ 
sider  a  homogeneous  (single  layer)  plate  of  thickness  dj  =  Ao/4  with  C]  =  ei  s 
3  +  iO.l.  For  an  E-polarized  plane  wave  incident  at  30  degrees,  the  amplitude  and 
phase  of  are  given  in  Figs.  3  and  4,  and  these  show  that  the  dif¬ 

ference  increases  way  from  the  specular  and  backscattering  directions.  At  a  fixed 
scattering  angle,  the  difference  increases  with  the  electrical  thickness  of  the  plate 
up  to  the  first  resonance  and  then  decreases.  To  test  their  accuracy  the  two  ap¬ 
proximations  have  been  compared  with  the  results  of  a  moment  method  solution 
of  the  volume  integral  equation.  The  particular  code  used  is  a  two-dimensional 
one  which  was  extended  to  three  dimensions  by  assuming  that  the  induced  cur¬ 
rents  are  independent  of  the  y  coordinate.  Since  the  dielectric  constant  of  mw«t 
vegetation  materials  is  high,  it  is  necessary  to  have  the  cel]  sizes  very  small,  and 
one  consequence  of  this  is  the  need  to  compute  the  matrix  elements  extremely 
accurately,  especially  for  K  polarization.  For  a  2Ao  square  plate  formed  from  the 
above-mentioned  layer  and  illuminated  by  an  E-polarized  plane  wave  at  normal  in¬ 
cidence,  the  two  approximations  are  compared  with  the  moment  method  solution 
in  Fig.  5,  and  the  superiority  of  VIPO  is  clear. 

In  the  ciM  of  a  thin  plate  the  two  approximations  are  indistinguishable.  This 
is  illustrated  in  Fig.  6  showing  the  VIPO  expression  (14)  and  the  moment  method 
solution  for  a  2Ao  square  plate  of  thickness  dj  •  Ao/50  for  E  polarization.  The 
plate  is  a  homogeneous  one  having  e  »  13  -f  il2  corresponding  to  the  average 
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al  [1987]  the  leaFcao  be  modeled  u  a  resistive  sheet  using  an  average  value  for  the 
permittivity.  If  the  pbyaical  optics  approximation  is  then  applied,  the  resulting 
scattering  is  attributed  to  a  surface  current,  and  this  method  is  equivalent  to  the 
SCPO  approximation.  At  higher  frequencies,  however,  the  thickness  and  structure 
of  a  leaf  are  more  significant.  At  100  GHz  and  above  a  leaf  is  a  considerable 
fraction  of  a  wavelength  in  thickness,  and  in  spite  of  the  reduced  sensitivity  to 
water  content,  the  nonuniformity  affects  the  scattering. 

For  a  two-layer  model  of  a  leaf,  the  SCPO  approximation  haa  been  compared 
with  the  volume  integral  (VIPO)  approximation.  When  the  leaf  is  thin  the  two 
approximations  are  identical  and  in  good  agreement  with  data  obtained  from  a 
moment  method  solution  of  the  integral  equation,  but  as  the  electrical  thickness 
increases,  the  two  approximations  diverge  in  all  directions  except  the  specular  and 
(for  £  polarization)  backscattering  ones.  Allhough  the  VIPO  approximation  is 
more  complicated,  its  accuracy  is  greater,  and  the  agreement  with  the  moment 
method  data  is  better  using  a  two-layer  model  than  when  a  single  layer  of  average 
permittivity  is  employed. 

For  most  practical  purposes  it  would  appear  that  VIPO  in  conjunction  with 
an  accurate  dielectric  profile  of  a  leaf  provides  an  adequate  approximaticn  to  the 
scattering  at  milliineter  wavelengths.  As  our  knowledge  cf  the  profile  increases,  it 
may  be  desirable  to  use  a  multi-layer  model  which  could  even  simulate  a  continuous, 
nonuniform  profile,  and  a  convenient  way  of  doing  this  is  described  in  the  Appendix. 
We  also  note  that  at  frequencies  for  which  the  leaf  thickness  is  comparable  to  \ml~ 
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where  Js;  is  the  totad  electric  current  supported  by  the  resistive  sheet,  and 


n  X  {n  X  [H^  +  H-]}  -  X  |-[E"  +  E-]  =  (A4) 

<0  OTl 

j;  =  -nx[E^-E-l  (A5) 

where  J|^  is  the  total  magnetic  current  supported  by  the  conductive  sheet. 
The  superscripts  refer  to  the  upper  (+)  and  lower  (— )  sides  of  the  sheet, 
and  n  is  the  unit  vector  outward  normal  to  the  upper  side. 

A2  Scattering  by  a  Stack  of  N  Planar  Sheets 

Consider  a  stack  of  S  infinite  planar  combined  sheets  all  parallel  to  the  zy 
plane  of  a  Cartesian  coordinate  system  (z,  y,  z)  as  depicted  in  Fig.  Al.  The 
top  sheet  is  in  the  z  s  0  plane  and  the  sheet  is  located  at  z  =  -d^, 
where  ij  =  0.  The  space  between  the  m‘*  and  (m  +  1)‘*  sheets  is  referred  to 
as  region  m,  and  we  note  that  region  0  (z  >  0)  and  region  N{z  <  are 
semi-infinite  free  space.  A  plane  wave  whose  plane  of  incidence  is  parallel  to 
the  zz  plane  impinges  on  the  stack  of  sheets  from  above.  From  the  symmetry 
of  the  problem,  all  the  field  vectors  are  independent  of  y  (i  e.,^  =  0),  as  a 
result  of  which  the  field  components  in  each  region  can  be  separated  into  E— 
and  H — polarised  waves  which  are  the  dual  of  each  other. 

In  the  case  of  E  pcUrizat'oa  the  incident  field  is  given  by  (I)  and  the  field 
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expf«s«d  M  (excluding  the  phase  factor  g**®  **“*»*) 


JS  =  5-2^0  cos  ^0^**“*“ 


i*r* 


(A8) 


n"*~M  -.  ,<-■  > 

/■I  V '■ 

The  total  reflection  coefficient  in  region  0  (r£:(d)  =  Ff)  can  be  evaluated 
from  the  recursive  relation  (A7)  by  noting  that  F.v  =  0  (the  region  .V  is 
semi-inflnite).  The  total  transmission  coefficient  can  also  be  obtained  from 
(A7)  as  follows: 


C*v 


N 


rm  =  ^  =  n 


l+lLi 


1  ^ 


(A9) 


Unlike  the  £- polarized  case  where  the  magnetic  current  is  zero,  an  H-polarized 
wave  excites  a  magnetic  current  in  the  y  direction  and  the  tangential  electric 
and  magnetic  fields  are  both  discontinuous  across  the  combined  sheets.  For 
H  polarization  the  tangential  field  vectors  in  region  m  can  be  obtained  by 
applying  the  duality  relationships  to  (A6).  In  this  case  the  amplitudes  of 
the  travelling  in  -z  and  +z  directions  are  denoted  by  and  respec¬ 
tively.  By  applying  the  boundary  conditions  (A2)-(A5)  at  the  m'^  sheet  and 
denoting  the  reflection  coefficient  in  region  m  by 


after  some  algebraic  manipulation  we  obtain 


(AlO) 

(All) 
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leftds  to 


n(r)  ss 


n*(f)  as 


Slislslk 

«Qf  A9 


,-./J 

^-«/i 


(A16) 


Using  the  physicai  optica  approximation,  the  currents  obtained  for  the  infinite 
sheets  are  substituted  into  (A16)  to  find  the  scattered  fields.  For  E  and  H 
polarizations  the  far  field  amplitudes  are 

SE{e.,eo)  =  y^-toWof  E  (ai7) 

Sh{0,0o)  =  (A18) 

where,  as  before,  X  =s  ^(sintf, +  sindo)-  Iq  the  backscattering  {9,  =  9o)  and 
specular  {&,  =  -tfo)  directions  the  summation  term  in  (A17)  reduces  to  a 
telescopic  series  resulting  in 
,v 

,  2Yoco»9oC;  =  2y'ocos0or£(5o),  (A19) 

mml 


and  backscattering  cross  section  is  then 

<^e{^o,9q)  »  4*'  cos* ^0  I  ^b{^o)  I’  (/fcosintf  )*  ’  (^20) 


Also,  for  H  polarization 

=  -2cos0o2:i:-,(fl;-,  -  fl;) 


=  -2co«9oBo  »  -2co8|^  rw(flo). 

(A21) 
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moment  otethod  solution,  (•  -  •)  VIPO  or  SCPO .  27 
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Figure  1:  The  structure  of  ft  typicil  vegetfttion  leaf. 


Figure  2:  Tke  geooietry  the  scfttUiriog  of  *  pUoe  wave  from  a  two-Uyer  dielectric 
slab. 
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Figure  4:  PbaM  of  the  retio  of  the  bistetic  far  held  amplitude  of  VIPO  to  SCPO 
for  E  polarization  of  a  dielectric  plate  with  dj  w  Xq/A  and  ci  a  cj  a  3  -f  tO.I  at 
Oo  a  30  degrees. 


Ulsgp 


Figure  6:  The  biaUtic  croM  cectioo  ere*  of  e  2Ao  x  2A«  pUte  for  E  polArizAtiou 
with  dt  m  Ao/50  and  w  13  +  tl2  at  normal  incidence:  ( — )  moment  method 
solution,  (■  •  •)  VIPO  or  SCPO. 
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Figure  8:  The  bieUtic  croet  tectioa  of  »  l.4Ao  x  2Ao  pUte  for  E  polerizetioa  with 
<f,  ai  2di  m  0.5mm  end  /  -140  GHz  »t  normai  incidence:  ( — )  moment  method 
solution  with  *  5  +  *4,  cj  *  2  +  il,  (*  •  •)  VIPO  with  ci  =  5  +  s4,  <j  2  +  il, 
(-  -)  VIPO  with  cj  =*  <i  *  3.5  -f  «2.5. 
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Ftgur«  A*l:  LAyer  of  N  combined  theeta  aimulAtinc  iid^te  dielectric  sUb. 


Figure  A«2:  The  geocnatry  of  the  ecetterisg  of  *  pUae  wave  {rom  a  Suite  N-Iayer 
combioed-aheet. 
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MEASUREMENT  AND  MODELING  OF  MILLIMETER-WAVE 
SCATTERING  FROM  TREE  FOLIAGE 


FT.  Ulaby.  T.H.  Haddock,  and  Y.  Kuga 
Radiation  Laboratory 
University  of  Michigan 
Ann  Arbor.  Michigan  48109 


ABSTRACT 

Because  the  constituent  elements  of  a  tree  canopy,  namely  the  leaves,  needles, 
branches,  and  trunks,  have  complex  geometries  with  curvatures  and  surface 
roughness  scales  that  are  comparable  to  or  larger  than  the  wavelength  at  millimeter- 
wavelengths.  the  traditional  approach  used  to  compute  the  phase  function  of  the 
vegetation  volume  is  totally  impractical.  In  this  paper  we  propose  a  relatively  simple 
model  for  characterizing  the  phase  function  on  the  basis  of  direct  experimental  data. 
The  model  is  used  in  conjunction  with  a  solution  of  the  radiative  transfer  equation  to 
predict  the  backscattering  behavior  of  tree  canopies.  The  model  is  found  to  provide 
very  good  agreement  with  radar  observations  made  of  35,  94,  and  1 40  GHz. 


This  work  was  supported  by  U.S.  Army  Research  Office  contract  DAAG29-85-K-0020 
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Vegetation  Scattering  at  Miiiimater  Waveiengths 

1.  INTRODUCTION 

The  leaves,  needles,  branches,  and  trunks  comprising  a  vegetation  canopy 
are  lossy  dielectric  structures  with  complex  geometries.  Whereas  it  may  be  acceptable 
to  approximate  a  leaf  as  a  thin,  flat  disc  at  centimeter  and  longer  wavelengths,  such  a 
treatment  is  invalid  at  millimeter  wavelengths  because  the  leaf  curvature  and  its 
thicknes!:  are  comparable  to  or  larger  than  X.  Similar  statements  can  be  made  with 
regard  to  the  size  and  surface  roughness  of  branches  and  other  components  of  a 
vegetation  plant  or  tree.  Consequently,  it  is  very  difficult,  if  not  impossible,  to  use 
numerical  quadrature  techniques  for  solving  the  vector  radiative  transfer  equation 
[Ulaby  et  al..  1986:  Tsang  et  al..  1985}  to  compute  tho  radar  backscattering  coefficient 
of  vegetation  at  millimeter  wavelengths.  The  problems  encountered  are:  (1 )  it  is  not 
possible  to  compute  the  scattering  phase  function  of  the  vegetation  volume  because 
accurate  models  for  the  scattering  matrices  of  the  scattering  elements  (curved  leaves. 
rough«surface  branches,  etc.)  are  not  available  at  millimeter  wavelengths,  and  even  if 
such  models  were  available,  the  numerical  computations  that  would  have  to  be 
performed  to  obtain  the  phase  function  (which  involve  imegration  over  size  and 
orientation  parameters)  would  be  extremely  expensive,  and  (2)  when  the  phase 
function  has  a  complcated  dependence  on  the  bistatic  scattering  angles,  it  is  very 
difficult  to  compute  the  solution  of  the  radiative  transfer  problem  beyond  the  first  order. 
Hence,  an  alternate  approach  is  needed  for  computing  the  radar  backscatter  from 
vegetation  at  miilmeter  wavelengths. 

In  this  paper  we  shall  propose  a  relativsiy  simple  model  for  characterizing 
the  phaja  function  of  vegetation  canopies  at  millimeter  wavelengths,  and  then  use  it  m 
a  second-order  solution  of  the  radiative  transfer  equation  to  compute  radar 
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Dackscanering  from  treas.  Modal  rasuits  are  comparad  with  radar  backscattar 
maasuramants  for  traa  canopias  at  35,  94,  arnj  140  GHz. 


2.  PHASE  MATRIX 

Excapt  for  tha  main  trunk,  traa  foliaga  consists  primarily  of  randomly 
distributad  laavas  (or  naadlas)  and  branchas,  most  of  which  ara  much  largar  than  tha 
wavalangth  in  siza  (at  millimatar  wavalangths),  hava  complax  shapas,  and  ara 
charactarizad  by  a  quasi*uniform  oriantation  distribution.  Thasa  propartias  suggast 
that  wharaas  individual  scattaring  alamants  may  axhibit  highly  complax  and 
polarization-dapandant  scattaring  paitams,  an  alamantal  voluma  6V  containing  many 
of  thasa  alamants  is  likaly  to  axhibit  propagation  and  ,;carari.~.g  propartias  that  ara 
waakly  polarization-dapandant  and  charactarized  by  a  ralativaly  simpia  scattaring 
pattam.  This  pradiction  is  supportad  by  axparimantal  obsarvations  mada  by  Ulaby  at 
al.  [1S88]  which  show  that  bistatic  scattaring  from  traas  axhibits  comparabla  rasuits  for 
horizontal  and  vartical  xilarizations. 

Tha  random  nature  of  tha  traa  foliaga  supports  tha  usa  of  radiativa  transfar 
thaory  (Ishimaru,  1978]  for  modaling  millimatar  wava  propagation  in  tha  canopy  [Ulaby 
at  al.,  1988;  Schwaring  at  al.,  1988],  In  tha  radiativa  transfar  modal,  tha  formulation  is 
given  in  terms  of  tha  phase  function  P(9«,  4i;  %  relating  tha  specific  intensity 
scattered  by  a  unit  voluma  of  tha  scattering  medium  into  tha  direction  (e^,  as)  to  the 
‘\  specific  intensity  inddant  upon  tha  unit  voluma  from  tha  direction  (6|,  ai).  with  both  sets 

AAA 

of  oriantation  angles  being  defined  with  respect  to  a  rafaranca  coordinate  (x,  y,  z). 

Tha  phase  matrix  raprasants  tha  average  Stokes  matrix  of  tha  partidas  constituting  tha 
unit  voluma.  To  relate  P  to  tha  propartias  of  tha  medium,  wa  start  by  considanng 
scattering  by  a  single  particle.  For  a  plana  wava  with  electric  field  vector  E*  inddant 

A 

upon  tha  particle  in  tha  direction  Iq  •  {%  ^),  tha  far-fiald  wava  scattered  by  the  particle 

A 

in  tha  direction  ks  ■  (^s.  'S  a  spherical  wava  with  field  vector  E’.  The  vartical  and 
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horizontal  polarization  components  or  at  a  range  r  from  the  scatterer  are  related  to 
the  componems  of  the  indri;«nt  field  through  the  scattering  matrix  8(63,  9|,  of  the 

particle  Ulaby  at  al.,  [1986], 


.*  r 


The  matrix  S  is  given  by  four  scattering  amplitudes. 


S  (li,.  fej) 


®hv  ®hh 


For  a  specified  scattered/incident  polarization  combination,  the  bistatic  scattering  cross 
section  of  the  partide  is  defined  in  terms  of  the  ratio  of  the  scattered  to  inodent  power 
densities.  For  vh  poiarizatfon,  for  example, 

.  [4iirV|E;|'  /|<1*] .  4«|S^f.  (3) 


When  considering  an  elementary  volume  containing  N  randomly  distributed  particles 
per  unit  volume,  we  can  characterize  bistatic  scattering  by  the  volume  in  terms  of  the 
bistatic  scattering  cross  section  per  unit  volume  (or  bistatic  scattering  coefficient ) 


I 


(4) 


-N<a^>  ^ 

-  4ji  N  <  I  J  > . 


where  <  >  denotes  ensemble  average. 

The  vector  radiative  transfer  equation  is  formulated  in  terms  of  the  specific 
intensity  vector  I  defined  through  the  modified  Stokes  parameters  1^,  1^,  U,  and  V  as 

follows: 


IdQ 


I 

•ft 


2Re  <  sj,  > 


2  Im  <  E^  > 


(5) 


For  an  elementary  volume  of  length  d5  illuminated,  in  the  general  case,  from  all 

A  A  ,  .  ^  . 

oirections  Kj  by  ir.cidont  intensity  I*  (Iq),  the  intensity  scattered  in  the  direction  ks  is 
given  Oy 


I  *  -  J  J  P  ^ 

4m 


(6) 


where  P  is  the  phase  matrix  given  by 
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P31 
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P33 

P34 

P41 

P42 
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whose  elements  are  related  to  those  of  S  by 
<j^vvj  >  I  <|^vh|  >  I  * 

I  I 

A  A  >  1  ' 

P(k,,  kj)  mN  I  I 

2<fle(S^ShJ>i  Shh)>i 

I  I 

2<fm(SyySf,y)>j  2<//7j(S^„Sj,|,)>  j 


<j^vvj  > 

2<fle(S^Shv)> 

2<fm(S^ShJ> 


<f?e<ShySf,h)>  J 

hy)^ 

</m^yyS^„  ^Sy^S^y)>  j 


-</m(  Sy  y  Syf,  )  > 

-</m(S^^S^^)> 

-<//77(SyyS  •  Sy^S^y 

<fl9{Syy  S(,h  'Sy  h  5hy 


3.  PROPOSED  PHASE  MATRIX 

The  16  elements  of  P  can  be  readily  computed  provided  we  know  (i )  the 

number  density  N,  (2)  the  probability  density  functions  for  the  sizes,  shapes  and 
orientations  of  the  partides,  and  (3)  the  dielectric  properties  of  the  particles,  and 
additionally  we  have  available  appropriate  models  for  computing  the  scattering 
matrices  of  the  partides.  In  most  cases,  this  information  is  not  available  for  tenain 
surfaces  and  volumes,  which  forces  investigators  to  estimate  the  physical  parameters 
of  the  canopy  and  to  treat  the  canopy  constituents  as  spheres,  cytindars,  and  discs. 


These  approximations  lead  to  errors,  and  because  the  number  of  parameters  involved 
is  large,  it  is  difficult  to  assess  the  sources  of  error. 

3.1  Pr'ASE  MATRIX  IN  THE  SCATTERING  PLANE 

instead  of  using  the  first  approach  described  above  to  compute  the  elements 
of  the  phase  matrix  P,  we  propose  to  use  a  semi-empirical  approach  based  on 

experimental  measurements.  Ulaby  et  al.  [1983]  used  a  35-GHz  bistatic  radar  system 
to  examine  the  scattering  patterns  of  small  trees  under  Laboratory  conditions.  Tv.o 
types  of  experiments  were  conducted:  (1)  transmission  measurements  to  determine 
the  extinction  coefficient  for  horizontal  and  vertical  polarizations  and  (2)  bistatic 
scattering  measurements  in  the  plane  of  scattering  (defined  to  be  the  plane  containing 
the  incident  and  ssxiiiared  directions  and  orthogonal  to  the  polarization  planes  of  the 
waves  [Chandrasekhar,  I960])  to  evaluate  the  angular  variations  of  the  like-  and 
cross-polarized  bistatic  scattering  cross  sections  per  unit  volume  icw(v),  Xvh(v).  Khv(v). 
and  Khh(y).  where  y  is  the  angle  shown  in  Rg.  1.  While  the  transmitter  remained  in 
one  location  with  the  beam  pointing  at  the  crown  section  of  the  tree,  the  receiver  was 
moved  in  discrete  steps  around  a  circle  in  the  horizontal  plane  with  the  tree  at  its 
center.  At  each  receiver  location,  defined  by  the  angle  y,  the  average  received  power 
was  measured  and  then  used  to  compute  icw(y),  Kvt)(y),  Khv(y),  and  iQih(y)-  The 
averaging  process  was  realized  by  placing  the  tree  on  a  rotating  platform  and 
measuring  the  received  power  (for  a  given  receiver  location)  as  the  tree  was  rotated 
over  360*. 

Two  distinctly  different  types  of  trees  were  selecteu  for  examination:  Reus 
and  Arbor  Vitae  (Rg.  2).  The  Reus  tree  had  small,  fiat,  simple  leaves  approximately  10 
cm2  in  area,  whereas  the  Arbor  Vitae  tree  had  a  branching  trunk  anangement  with 
branches  supporting  needles  approximately  1.5  •  3  mm  in  length.  More  detailed 
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information  about  these  test  trees  and  the  measurement  procedure  is  given  in  Ulaby  et 
al.,  [1983]. 

The  major  conclusions  derived  from  the  experimental  observations  that 
pertain  to  the  present  study  are: 

(1 )  For  both  types  of  trees,  the  like-polariaed  scattering  patterns,  icw(y)  and 
Khh(y).  were  approximately  the  same,  and  a  similar  result  was  observed  for  icvt)(y)  and 
iQ,v{v).  Thus, 


«C^(V)-  -  «c,(v) 

(8) 

’CvhCv)  ^  K2(V)- 

(9) 

(2)  In  sprte  of  the  fact  that  the  two  trees  were  markedly  different  in  terms  of 
the  shapes  and  sizes  of  their  scattering  elements  (leaves,  needles,  branches),  both 
exhibited  similar  scattering  patterns.  Figures  3  and  4  shows  plots  of  the  measured 
values  of  ki  (y)  and  K2  (y)  for  the  two  types  of  trees.  Also  shown  are  plots  calculated 
using  the  expressions  discussed  below. 

The  scattering  ooeffictent  for  a  h-polarized  incident  ini^nsity  is  given  by 

S  -  ^  JJ  00) 


and  a  similar  expression  can  be  defined  for  k]|.  In  view  of  (8)  and  (9),  we  shall  set 
icj  -  kJ  «  K*. 

Assuming  azimuthal  symmetry  with  rospect  to  the  forward  scattaring  diroction  (y  »0). 
the  iike>  and  cross-polarized  scattering  coefficients  can  be  exprassed  as 


(¥)  ■  K,  01  (V). 


(11) 


'C2(V)  ■  >C,fl2(V). 


(12) 


and  to  satisfy  (10).  the  sum  of  g,(¥)  and  g2(v)  has  to  satisfy  the  relation 

j  J  [Oi  (V)  ♦  g2(v)]sinvdv-l  .  (13) 

0 


In  view  of  the  shapes  of  the  measured  patterns  (Figs.  3  and  4).  gi(v)  and  g2(v)  can 
each  be  described  as  the  sum  of  a  relatively  weak  isotropic  component  and  a 
Gaussian-shaped.  strong  and  narrow  forward*scatter1ng  lobe  f(¥), 


g,  (V)  -  [o1^(V)♦(1•o,)]c 


“iCt")  ®xp[*(^)*]  *0 -Oi) 

Pi  Pi 


(14) 


02  <¥)  -  (Oj  ^2  (v)  ♦  (1  '  1  (^-  C) 


(15) 


where  3i  and  ^  are  the  effective  beamwidths  of  the  like-  and  cross-polarized  forward 
scattering  lobes.  Those  expressions  have  the  following  properties: 


h  t  1  4 


(a) 


n 

j  I  Qi  (V)  sin  V  d  V  -  C 


(16) 


(b) 


« 

j  J  Qj  (V)  sin  V  <lV  -  1  -  C 
0 


(17) 


(C) 

R  K 

J  a  f  (y)  sinydy/ J  (1  *  a)  sin  y  dy  ■  a/  (1  •  a) .  (18) 

0  0 

The  sum  of  properties  (a)  and  (b)  satisfies  (13),  the  ratio  (1-C)/C  represents  the  ratio  of 
total  scattered  cross-polarized  energy  to  total  scattered  like-potailzed  energy,  and  the 
ratio  (l-a)/a  represents  the  ratio  contained  in  the  isoptropic  component  to  the  energy 
contained  in  the  main  lobe. 

The  'calculated*  plots  shown  in  the  Figs.  3  and  4  are  based  on  (1 1 ),  (1 2), 
(14).  and  (15).  with  the  values  of  the  parameters  selected  to  provide  good  agreement 
between  the  measured  and  calculated  plots. 

Now  let  us  return  to  the  phase  matrix  given  by  (7).  The  element  Pi  i  is  given 
by 

P„(y)  .  N<|S„|  > 

N  1  /  V 

- 0,  (v)- 


€ 


Similary.  it  is  easy  to  show  that 


P22  (V)  »  P,t  (V), 

and 

P12  •  ^21  •  7^  O2  (V)  •  (20) 

49t 

Next,  we  Shalt  make  certain  assumptions  to  simplity  the  remaining  terms. 

Let  us  consider  the  term  in  P. 

P„.N<R«(S„SJ> 

.N<lS„lls^|co»(^,-<J> 
.N<|S„l|S^|><co$(^-^>  (21) 

Where  ^  is  the  phase  of  the  scattering  amplitude  y(and  similar  definitions  apply  for 
the  other  scattering  ampiittxfes).  In  the  last  step  of  (21 )  it  was  assumed  that  the 
magnitude  jSy  yl  and  the  phase  r^fference  •  pyn)  are  independent  random 
variables.  Aooording  to  35^H2  radar  measurements  of  the  backscattehng  from  rocks 
(Whitt  and  Utaby.  1986)  and  1 .25  GHz  potartmatric  data  extracted  from  airborne  radar 
images  of  forested  areas,  the  phase  difference  (fw  •  Oyti)  is  uniformly  distributed  over 
[0,  2x].  Hence,  the  average  value  of  cos  •  Pyn)  is  zero,  and  therefore  Pi}  •*  0. 
Similarly,  all  terms  in  P  involving  the  product  of  a  lika-potahzed  scattering  arrpiitvde 
and  cross-poiahzed  scattering  amplitude  may  be  set  equal  to  zero. 
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It  was  also  obsarved  (in  tha  sama  invastigations)  dtad  abova  that  tha  phase 
diffaranca  •  ^hn)  corresponding  to  tha  product  of  tha  lika-polarizad  scattering 
amplitudes  has  a  Gaussian-lika  dsitribution  cantered  at  O'*.  Wa  shall,  therefore,  adopt 
t.he  approximations  <  cos  (,\v  *  >  r  1  ana  <  sin  (0w  -  >  *  0.  Furthermore,  in 

viawof  (8),  we  shall  assume  that  <|5yy  I  |5hhl  >2<  |Syy|2  > .  Hanca,  for  the  terms 
involving  (Sy  y  ),  wa  have 

N<Ra(SyySJ>-N<ls^lls^|cos((^-^> 

-N<|s^||s^J><cos(^.^)> 

-N<|S^|  > 

-P„  (22) 

and 

N<lin{S^SJ>  -  0  (23) 

Upon  incorporating  tha  preceding  results  in  (1 1),  wa  obtain  tha  simpUfiad  matrix 

Oi  Oz  0  o' 

Sz  Oi  0  0 

(24) 

0  0  0i+0z  0 

0  0  0  0i-0z 

with  gi  and  gz  as  given  by  (14)  and  (15).  respactivaly- 
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3.2  PHASE  MATRIX  FOR  ANY  INCIDENT  AND  SCATTERED  DIRECTIONS 


The  phase  matrix  P(y)  in  Eq.  24  is  obtained  in  terms  of  the  scattering  angle  y  as 
shown  in  Fig:  1 .  If  the  inddant  direction  is  (61.  and  the  scattered  Erection  is  (63.  ^s). 
denoted  by  points  Pi(0i.  and  P2(d3.^3)  in  the  polar  coordinate  systerti  shown  in  Rg. 
5,  the  plane  of  scattering  contains  the  triangle  OP1P2  and  the  scattering  angle  y  is 
given  by  the  angle  PiOP2.  The  radiative  transfer  equation,  on  the  other  hand,  is 
written  in  terms  of  the  polar  angles  6  and  0.  We  need  to  obtain  a  new  phase  matrix  in 
terms  of  6  and  ^  in  order  to  use  it  in  the  radiative  transfer  equation.  The  details  of  the 
transformation  from  P(y)  to  P(08.  0i.  ^),  which  involves  linear  transformations 

through  angles  y,  and  ic  -  Y2  <  3'®  described  in  Chandrasekhar  (19€0].  The 

transformed  phase  matrix  is  given  by 


P(e,.0,;0,A)  •  L(jc-Yj)  P(y)  L(-y,) 
where  L  is  a  linear  transformation  given  by 


oos*y 

.  2 

Sin  y 

isinZr 

0 

sln*y 

cos*y 

•jSiniT 

0 

•sin  2y 

sin  2y 

cos  2y 

0 

0 

0 

0 

1 

(25) 


(26) 


The  angles  and  72  art  defined  in  Fig,  5. 
Introducing  the  abbreviations 
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(1.1)  -  COSY,  COSY2  *  *‘"‘>^1  (27a) 

(I,  r)  >  -cos  Y,  siti  Yj  ♦  sin  y,  cos  Yj  (27b) 

(r.  1)  m  sin  Y,  cos  ♦  cos  y,  sin  y^  (27c) 

(r.  r)  >  cos  Y,  cos  Y2  ♦  sin  y,  sin  y^  (27d) 


We  can  write  the  phase  matrix  as 

r 

p  (9,.^,:  ^  g,(v)(t.t)^  Q,(v)(^t)^  g2(v)(r.r)* 

g,  (¥)('’.<■)*♦  g2(v)(r.'')^  g,(v)(i.i)*^  g2(v)(i^o* 

2(g,(v)(t.t)(r.t)+«2(v)(r.r)(l.r)l  -2tg,(v)(r.t)(l.l)+g2(v)(r.r)(i.r)l 


0  0 

*gi(V)(r.l)(l.l)  ♦  g2(V)(r.r)(t.O  0 

g,(v)(r.l)(U)  •  g2(v)(r.0(t/)  0 

22.  22.  <28) 

g,(w)[(W  •  (an  ♦  g2(y)l(r.o  •  d-oi  o 

0  g,(v)*g2(v) 


Using  the  cosine  end  sin  laws  of  a  spherical  triangle,  we  can  write  (l.l).  (r.r),  (r.l),  and 
(l.r)  in  terms  of  0$.  0|  and 


(29a) 


sin*  (^j  • 

.  2 

sin  y 


sin  sin  0j  (cos  y  - 1 )  -  cos  (0.,  - 


sin*  (0,-0,) 

(r,r)  « - - - 5,n  jjp  (2^3  y  ♦  1 )  •  cos  (A  -  (29b) 

sin  y 


,  ^  r  /  sin  0  sin  0.  cosy  cos(^ -b ) ,, 

(rX)  «  \  (sec  0;  ♦  sec  0,)  [sin  (0,  -  e,)  (l  ♦ - - - ! — - ^ — i-)] 


sin  y 


sin(t-^)  r  .  2 


.  2 

sin  y 


[sin*  0j  sec0,  ♦  sin*  0^  secoj} 


(29c) 


2 

sin  y 


sin  (♦,♦#,)  -  2  2 

— -5 - [sin  e,  sec  d,  •  sin  0^  sec  ej  j 


sin  y 


(29d) 


where 


cos  y  «  cos  6,  cos  6,  ♦  sin  8^  sin  0,  cos  (0,  •  ♦,) 


(30) 
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4.  RADIATIVE  TRANSFER  MODEL 

At  miDimeter  wavelengths,  the  penetration  depths  of  foliage  rarely  exceeds 
im.  Hence,  it  would  be  reasonable  to  neglect  the  backscatter  contribution  of  the 
underlying  ground  surface,  and  in  the  case  of  most  vegetation  canopies  it  may  also  be 
possible  to  treat  the  canopy  as  semiinfinite  in  depth.  In  this  section  we  seek  an 
expression  for  the  vector  specific  intensity  I  scattered  from  a  forest  canopy 

characterized  by  a  phase  matrix  of  the  form  given  by  (28).  To  this  end,  we  shall 
develop  a  first-order  solution  and  a  second-order  solution  of  the  radiative  transfer 
equation  and  then  compare  the  results  with  the  exact  solution  (based  on  numerical 
computations  using  the  quadrature  method)  and  with  experimental  data. 

The  vegetation  canopy  is  rrxxfeled  as  a  continuous,  statistically 
homogeneous,  horizontal  layer  of  vertical  extent  d  The  layer  has  diffuse  upper  and 
lower  boundanes  (Fig.  6)  at  z^O  and  zw-d  respectively,  and  it  is  illuminated  by  an 
intensity 

l'  -  Iq  5  (cos  0  •  cos  Oq)  5  (4  •  4q)  (31 ) 

incident  upon  the  upper  boundary  in  the  direction  (a  •  6^ ,  4b  )•  solving  the 
radiative  transfer  equation  to  obtain  an  expression  for  the  intensity  I  (0, ,  4, )  scattered 

in  any  direction  (6^,4^).wecanset6^«6()  and  4^  •  a  ♦  4b  •  corresponds  to 
scattering  in  the  bacKvirard  direction,  to  compute  the  backscttering  coefficient  from  the 
equation 


where  p,  qmvor  h  polarization. 
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4.1  Radially*  Tranafar  Equatlona 

When  formulating  the  radiative  transfer  problem  for  bounded  media,  the 
standard  practice  is  to  split  the  intensity  vector  into  upward-going  (l^  (0$,  4s.  z)) 
downward-going  (l'  (it  -  Os.  4$.  2))  components,  noting  that  0$  varies  between  0  and  n/2 
[Ulaby  et  al..  1966].  In  the  vegetation  layer,  the  intensity  T  (0s.  4s.  z)  travelling  in  the 
upward  direction  (0, .  4, )  and  the  intensity  I  (jc  -  0, .  4, .  z)  traveli.ng  in  the  downward 

direction  (a  -  6^ .  4b )  must  satisfy  the  coupled  radiative  transfer  equations  . 

^  C  (p,.  4,.  z)  -  -  ~  C  (p,.  4,.  z)  ♦  f"'  (p,.  4,.  z)  (33a) 

Ft 

-  ^  r  (-P,.  4,.  2)  -  -  —  r  (-P,.  4,.  z)  ♦  F  (-P,.  4,.  Z)  (33b) 

where  is  the  extinction  coefficient  of  the  vegetation  medium,  p,  •  cos  0, .  and  -p,  > 
cos  (a  •  0^ ).  The  source  fUncdcns  F  V  t*  ^  , .  lb .  z)  account  tor  directing 

the  energy  incident  'jpon  an  elemental  volume  from  all  directions  into  the  direction  (0, . 
4,)  and  (a  -  6!,.  4t).  respectively,  and  are  given  by 

’as  1 

Ft  0  0 
as  1 

♦  J  J  P (P,. 4,; ii, I  {■P,4fZ)d 

0  0 
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p  {-Ji,. Z)  -  — 


2m  1 


J  }  •  iHf^z)da, 


0  0 

211  1 


/  /  PK.*.  I  (•ji,^2)d£), 


0  0 


(34b) 


where  dO,  •  d/i  j  d^  ■  sin  6|  d6|  d^ ,  and  P(p ,,  :;i,.  ^ )  is  the  phase  m^nx  of  the 

vegetation  layer  relating  the  intensity  incident  (upon  a  unit  volume  in  the  medium)  in 
the  direction  (6| ,  ^ )  to  the  intensity  scattered  in  the  direction  (d, ,  ^ ).  The  phase  matrix 
is  defined  by  (28). 

The  solution  to  different*al  equations  (33a)  and  (33b)  can  formally  be 
expressed  as 


>  (Uv^.i)  ■  •  +  J  •  '  '  F  ()x,. 2 ) dz  (35a) 


•u/m  •  r  yi>i  • 

I  (-H,,  2)  >  e  I  (iij,  0)  ♦  J  e  F  (-u,.  •>,.  2 )  d2  .  (35b) 

x 

Because  there  is  no  reflection  at  the  (diffuse)  air-vegetation  boundaries  at  z 
0  and  a  ■  -dl  the  following  boundary  conditions  must  be  satisfied: 


I  (i4,.^,.0)  -  Io5(p,*p^5(^,-#q) 


I  ()*,.♦,.<*)  -  0. 


(36a) 


(36b) 
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and  because  F  and  F  are  themselves  integral  functions  of  I  and  I  ,  we  have  to  use 
numerical  techniques  involving  segmentation  in  z  and  (6,  ^ )  in  order  to  obtain  an 
exact  solution  for  I*  >  T  (d, ,  ,  2  a  0).  While  this  may  be  usefull,  particularly  for 

comparing  with  results  based  on  approximate  solutions,  the  numerical  technique  does 
not  provide  much  insight  with  regard  to  the  relative  importance  of  various  scattering 
contributions.  Hence,  we  shall  use  the  iterative  technique  to  develop  expressions  for 
the  first-order  and  second-order  solutions  of  (35a)  and  (35b)  a.nd  then  compare  their 
results  with  the  exact  results  of  the  numerical  solution.  The  assumptions  underlying 
the  iterative  technique  is  that  the  medium  is  weakly  scattering;  i.e.,  the  scattering 
albedo  <u  ■  «  1 .  At  millimeter  wavelength,  o  -  0.6  -  0.9  for  vegetation  [3],  and 

therefore  the  condition  is  not  satisfied.  Nonetheless,  we  shall  now  proceed  with  the 
iterative  technique  and  then  evaluate  its  usefulness  in  a  later  section. 

4.2  FIrst'Order  Solution 

We  start  with  the  zeroth-order  solutions,  which  are  obtained  by  setting  P«0 
in  (34a)  and  (34b).  which  renders  fJ  ■  Fq  ■  0  in  (35a)  and  (35b),  where  the  zero 

subscript  denotes  zero  order.  Using  the  boundary  conditions  given  by  (34)  and  (35), 
the  zeroth-order  specific  intensities  are  given  by 

•o  2)  ■  •  >0  *  ^ 

The  zeroth-order  solution  corresponds  to  propagation  of  the  coherent  wave 
through  the  medium  with  scattering  ignored,  except  for  its  contribution  to  extinction.  To 
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obtain  the  fir5t<order  solution,  wo  first  need  to  insert  (37a)  arnl  (37b)  into  (34a)  and 
(34b)  to  compute  the  first-order  source  function  and  ,  and  then  insert  the  results 

in  (35a)  and  (35b).  This  process  leads  to 


I,  (P,.«,.2) 


- [e  -  e  J  P  ill  p  \  0^  Ig 


(38) 


I,  (-p,.«,.2)  -  e  Iq  5(p,-Po)5(P,-Pq) 

*  - —  [  1  ■  J  p  (H..  -IV  V  <0  (39) 

Where 

m  {1/Pp  ♦  1/p^  (40) 

iCj  i  ic,(1/Po*1/p,).  (41) 


The  first-order  solution  for  the  bacKscatterIng  coeftiderTt  can  be  obtained  by  setting  z  • 
0,  M,  a  /io .  and  ^  ■  X  ^  in  (38)  and  then  inserting  the  result  in  (32).  These  steps 

lead  to  the  expression 
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(42) 


Q ,  471  COS  e, 

<y^  (B^  n 


tcosep  r 

2«:^  ^  ®  j  r  ^  *  ^0‘ ^o)] 

■'ll 

2»  *  J9,«t) 


»'  -*  -«  9,  w  9^.n  by  „4,  ,.,H  ^ 

S.n,/,ar^,  ih*  om,r  phnapal-polanzat/on  baekscanann,  coafficiama  ara 


given  by 


®hh  (y  •  <T^  (0p) 


'«o)  -  al  (e„)  . 


^2  (’')  • 


(43) 


For  a  thick  canopy  such  that  (2jt;,asec  £^) »  :,  th, 

<n  (42)  and  (43)  reduces  to  1. 


« term  In  the  second  square  bracket 


4,3  Second-Order  Sofutfon 

'a  «?,.  0).  can  b.  ottlnad  by  („  raptein,  ,p.,  p.,  a)  ,38)  anp  ,39,  with 

^  z7. «,  (na^Pnp  m.  ™«,nan.  aaprasaibn,  ip  ,34a,  anp  „4b,  ,p  obtain 

(4)  f n  r  *  *"  *  ® ‘"”"*"9  '"OS*  Mprassions  in  (35a,  anp 

"  ♦*«*«'>  (MO.  *  *  00. 0,.  Thi,  p«a„  „ 


•a  (9o. »  ♦  0„,  0)  .  j  ,  j.  I 


(44) 
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with 


Using  (14),  (IS)  and  (28)  to  daflnt  P.  th«  integrals  can  be  evaluated  numerically,  and 
the  computed  intensity  ^  can  be  inserted  in  (32)  to  compute  for  any 

p.  q,  mV  or  h  polarizstiont. 


5.  MODEL  BEHAVIOR  AND  EXPERIMENTAL  OBSERVATIONS 

Using  the  phase  matrix  given  by  (28)  with  the  parameters  measured  for  the 
Ficus  tree,  the  co-polarized  (co*pol)  and  cross-polarized  (x-pol)  backscattering 
coefficients  were  computed  for  a  variety  of  canopy  conditions  in  accordance  with  (a) 
the  first-order  solution  of  Section  4.2.  (b)  the  second-order  solution  of  Section  4.3,  and 
(c)  the  exact  numerical  solution  using  the  quadrature  gradient  technique  [Ulaby  et  al.. 

1 986].  Figure  7  shows  the  variation  of  with  the  albedo  (o  >  ics  /  k«,  for  a  canopy  with 
an  optical  thickness  t  a  ic«  d  ■  1  Np.  For  an  error  within  1  dB  of  the  numerical  solution, 
the  first-order  solution  is  useful  up  to  o)  z  0.4  for  the  co-pol  component  but  is  not  at  all 
useful  for  the  x-pol  component,  and  the  second-order  solution  is  useful  up  to  co  -  0.85 
for  the  co-pol  component  but  only  useful  up  to  co  ~  0.5  for  the  x-pol  component.  If  we 
relax  the  error  margin  to  2  dS  for  the  x-pol  component,  the  useful  range  of  u  may  be 
extended  up  to  0.35  for  the  second-order  solution. 

The  dependence  on  optica)  thickness  is  illustrated  in  Rg.  8  (or  all  three 
solutions.  For  ail  intents  and  purposes,  o^  is  independent  of  x  for  r  2  1  Np.  This 
condition  is  almost  always  satisfied  for  tree  canopies  at  millimeter  wavelengths. 

Comparison  of  the  model  behavior  with  experimental  data  is  provided  in  Fig 
9  which  shows  measurentents  of  as  a  function  of  incidence  angle  for  a  canopy  of 
Spruce  trees  at  35  GHz  ar>d  a  canopy  of  Bur  Oak  trees  at  94,  and  1 40  GHz. 

The  canopies  had  continuous  crown  sections,  the  trees  were  about  I0m  in 
height,  and  the  leaves  had  a  moisture  content  of  53%  in  the  case  of  the  Spruce  trees 
and  27%  for  the  Bur  Oak  trees.  The  computations  are  based  on  the  second-order 
solution  using  the  Reus  phase-function  model  shown  in  Fig.  3.  The  only  free 
parameter  used  in  attempting  to  match  the  model  results  with  the  data  is  the  albedo  co 
which  was  chosen  to  be  equal  to  0.6  at  35  GHz,  0.8  at  94  GHz.  and  0.95  at  140  GHz 
Sim!'ar  results  were  obtained  in  attempting  to  match  the  model  to  experimental 


observations  for  (horizontally)  continuous  canopies  comprised  of  other  types  of  trees. 
This  observation  is  not  surprising  in  view  of  the  strong  similarity  noted  earlier  between 
the  bistatic  scattering  patterns  shown  in  Fig.  3  and  4  for  tv/o  trees  with  very  dissimilar 
tree  architectures.  In  other  words,  the  proposed  model  appears  to  apply  to  a  wide 
range  of  tree  types  of  continuous>crown  canopies,  with  the  only  major  parameter 
controlling  the  levels  of  the  co«poi  and  x-pol  bacKscattering  responses  being  the 
albedo  o.  In  turn,  o)  is  strongly  dependent  on  the  wavelength  and  probably  dependent 
on  leaf  moisture  content.  Further  study  is  needed  to  establish  the  dependeoca  of  (a  on 
these  two  parameters. 

6.  CONCLUSIONS 

Using  the  phase  matrix  model  proposed  in  this  study,  radiative  transfer 
theory  appears  to  provide  excellent  agreement  with  experimental  observations  of  the 
backscatter  from  tree  canopies  at  3S.  94.  and  140  GHz.  The  only  free  parameter  used 
in  matching  the  nrtodel  to  data  is  the  scattering  albedo  co  which  appears  to  depend  on 
only  two  parameters,  the  wave  frequency  and  the  leaf  moisture  content.  The  roles  of 
shape  and  size  of  the  tree  leaves  or  needles  and  the  tree  branch  architecture  appear 
to  be  secondary  in  importance.  Further  study  is  needed  to  establish  the  exact 
dependence  of  eo  on  moisture  content  and  frequency. 
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Rgurt  1.  Configurstion  uMd  for  mtasurlng  b43t2tic  sconsring  from  treo 

foliago.  Tho  tro«  was  pfacad  on  a  rotating  piatform,  tha  transmitter 
was  in  a  fixed  location,  and  the  radtvar  could  b«  sat  at  any  angle  v 
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ui/gp 


FICUS  TREE 


Figurt  3.  Comparlton  of  mouurod  bistatic  scatt^ng  cross  section  p«r  unit 
voluma  tor  Reus  tree  fcHagt  witti  caicutsbons  based  on  the  model 
functiont  given  by  (1 4)  and  (15). 
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UI/0P  ’{Myx 


ARBOR  VTTAE  TREE 


Ftgur«  4.  Comptriaon  of  mauurad  Ustctic  mtttrlng  cross  ssction  psr  unit 
volumo  for  Arbor  VHas  trso  folago  with  cslcuiations  bassO  on  the 
mobol  functions  flivsn  by  (14)  and  (15). 
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Ground 


Rgurt  6.  Q«omttry  of  th«  scattoflng  protfom. 
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Backscatt^rlng  Coafflcfint  <f  (dB) 


Albado  (D 


Rgurt  7.  eacfcsccttadng  co«ffId«m  ts  a  function  of  aibodo  at  normaJ  incidanca 
oofflputad  with  tha  first  otdar.  sacond  ordar,  and  numahcai  solutions. 


Figurt  8.  Variation  of  tMKkscant ring  coaffldant  vMith  optical  ihidwasa  t. 


8 


Backscattering  Coefficient  (dB) 


(a)  35  GHz 


Figurt  9.  Compadaon  of  thaory  with  axparlmantal  obsarvationa  at  (a)  35  GHz 
for  a  canopy  of  Spnjca  trtat  and  at  (b)  94  GHz  and  (c)  140  GHz  for 
a  canopy  of  Bur  Oak  trtaa. 
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Abstract 


Millimeter- wave  remote  sensing  of  ground  snow  has  attracted  consider,  ble  interest  in 
recent  years.  Because  the  size  of  the  snow  ice  particle  is  comparable  to  the  wavelength 
in  the  millimeter-wave  region,  we  can  no  longer  use  a  simple  Rayleigh  phase  fui  'don  or 
the  small  particle  approximadon  usually  used  at  microwave  frequencies  for  calcu.af  ng 
the  extinedon  coefficient.  In  this  paper  we  developed  a  model  for  MMW  scattering  from 
snow  using  the  vector  radiative  transfer  theory  and  a  Mie  phase  function.  Assuming 
snow  to  consist  of  randomly  distributed  spherical  panic'  ’s  embedded  in  a  mixture  of 
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air  and  water,  the  vector  radiative  transfer  theory  is  solved  using  the  discrete  ordinate 
method.  The  extinction  coefficient  is  calculated  by  the  quasi-crystalline  approximation. 
The  backscattering  coefficient  is  calculated  for  different  liquid  water  contents  at  35,  95 
and  140  GHz.  We  show  that  the  backscattering  coefficient  is  sensitive  to  liquid  water 
content  at  35  GHz,  but  the  sensitivity  decreases  at  95  and  140  GHz. 
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I.  INTRODUCTION 


Although  several  papers  have  appeared  recently  documenting  the  results  of  millimter-wave 
(MMW)  radar  observations  of  snovr-covered  terrain  [  1  - 1 1  ] ,  the  interaction  mechanisms  responsible 
for  the  observed  radar  response  are  not  well  understood  at  the  present  time.  Ai  millimeter 
wavelengths,  snow  is  a  highly  lossy  medium,  particularly  when  wet;  consequently,  the  penetration 
depth  is  only  on  the  order  of  a  few  centimeters  (U).  For  dry  snow,  the  attenuation  is  dominated 
by  scattering  because  the  ice  particles  are  comparable  to  the  wavelength  in  si7x,  and  for  wet  snow 
both  absorption  and  scattering  are  important. 

The  physical  parameters  that  exhibit  the  strongest  importance  on  the  radar  backscatter  from 
snow  are  snow  surface  roughness,  crystal  size,  snow  depth,  and  the  liquid-water  profile  with 
depth.  This  paper,  which  in  part  I  of  a  two-paper  sequence,  provides  a  radiative  transfer  model 
for  characterizing  MMW  scatering  from  snow,  using  the  quasi-crystalline  approximation  [14]  to 
compute  the  extinction  coefficient  of  the  snow  medium.  Part  II  describes  the  results  of  experiments 
conducted  at  35.  94,  and  140  GHz,  and  includes  comparison  between  theory  and  experiment  for 
certain  cases. 

II.  SNOW  MODEL 

In  our  snow  model,  we  assume  ground  snow  to  consist  of  spherical  ice  particles  embedded  in  a 
background  medium.  Liquid  water,  when  present,  is  included  as  part  of  the  background  medium. 
The  size  of  the  water  inclusion  is  usually  much  smaller  than  the  wavelength  for  millimeter-wave 
remote  sensing.  Therefore,  it  is  reasonable  to  assume  that  the  water  is  uniformly  distributed  in 
the  snow  and  the  dielectric  constant  of  water  can  be  included  as  a  part  of  the  background.  Thus, 
the  wet  snow  medium  is  modeled  in  terms  of  ice  '-'"stals  in  a  "wet  airi’  background.  It  is  also 
possible  to  consider  the  snow  as  lossy  pa  n  a  thin  film  of  water  surrounded  by  air,  in 

which  case  the  dielectric  constant  of  the  water  inclusions  is  part  of  the  dielecuic  constant  of  the 
lossy  particles.  This  approach  is  inappropriate,  however,  because  the  liquid  water  in  snow  usually 
occupies  the  spaces  between  adjacent  ice  crysuls  rather  than  coal  the  crystals  [1). 

From  ground-tniih  data,  we  know  that  the  ice  particles  have  an  average  diameter  on  the  order 
of  0.1-2  mm  and  Lheir  shapes  ire  round  but  non-sphcrical.  Li  our  model  we  treat  the  snow  ice 
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panicles  as  spheres  with  a  nonnal  size  distribution  with  an  average  diameter  of  1  mm  and  a 
standard  deviation  of  0.2  mm.  The  values  of  the  dielectric  constant  of  the  ice  panicles  needed 
in  this  study  were  ootained  from  [151  and  are  listed  in  Table  1.  Also  from  the  ground-truth 
data  measured  in  conjunction  with  the  experimental  observations  reported  in  Pan  li,  the  volume 
concentration  of  snow  is  approximately  40%  and  the  snow  depth  is  0.45  m.  These  values  arc 
used  in  our  model. 

A.  Background  Absorption  by  Water  Inclusion 

The  imaginary  pan  of  the  background  diciectric  constant  is  directly  related  to  the  background 
absorption  coefficient  We  use  a  dielectric  mixing  formula  to  calculate  the  background  dielectric 
constant,  and  we  assume  that  scattering  by  the  water  particles  to  be  much  smaller  than  absorption. 
The  absorption  coefficient  of  the  background  medium  is  given  by 


=  2!mag{h)(\  -  f)  (1) 

=  2kjmag{^'€k){l  -  f)  (2) 

where  kg  is  the  free  space  wavenumber,  rj  is  the  background  dielectric  constant,  and  /  is  the 
volume  fraction  of  ice  panicles.  To  obtain  the  dielectric  constant  of  the  background,  which  is  a 
mixture  of  air  and  water,  we  use  the  Van  Sanien  mixing  formula  [I], 


*6  =  I  f  -fUu.  -  1) 


E 

tsa^.c 


1  + 


(3) 


where  ty,  is  the  dielectric  cettstant  of  water,  m„  is  the  volumetric  snow  wetress,  and  .4^  is  the 
depolari  ation  factor  which  depends  on  the  shape  of  the  water  droplet. 


If  the  water  droplet  is  spherical,  <4u  is  constant  and  given  by  A„  =  1/3,  biu  the  water  panicles 
in  snow  are  i.sually  non-spherical  and  they  change  shape  with  the  amount  of  liquid  water  present 
[1).  If  the  liquid  water  level  is  low,  known  as  the  pendular  regime,  the  values  of  .ly  arc  close  to 
those  for  a  needle.  On  the  other  hand,  if  the  liquid  water  level  is  high,  known  as  the  funicular 
regime,  the  values  of  arc  close  to  those  for  a  disk.  The  transition  from  the  pcnduiar  to 
funicular  regime  occurs  at  around  rn*  *  2.5%  (1). 
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In  our  calculation  of  €4,  therefore,  we  used  three  different  sets  of  values  for  /!„  depending  on 
the  values  of  ruv  The  results  for  <4  are  listed  in  Tab'e  1  at  35,  95  and  140  GHz. 

B.  Scattering  Characteristics  of  Ice  Particles 

The  scattering  characteristics  of  ice  panicles  are  calculated  using  the  Mie  solution  [13,14]. 
The  background  dielectnc  constant  is  assumed  to  be  the  real  pan  of  <4  listed  in  Table  1.  The 
imaginary  pan  of  c,  is  not  used  because  of  the  difficulty  in  calculating  the  Mie  solution  when  the 
imaginary  pan  of  the  normalized  dielectric  constant  is  negative.  The  average  to'al  and  absorption 
cross-secuons  are  shown  in  Table  1. 

C.  Extinction  Coefficient  of  Dry  Snew 

When  snow  is  dry,  the  attenuation  at  .MMWS  is  mainly  due  to  scattering  by  the  snow  panicles. 
In  a  sparsely  distributed  medium  in  which  the  correlation  between  particles  can  be  neglected, 
the  effective  field  approximation  (EFA)  can  be  applied  and  the  extinction  coefficient  is  linearly 
proponional  to  the  cotKentraiion  of  particles  [14).  Ground  snow,  however,  has  a  volume  fraction 
of  10  to  40%  and  the  dielectric  constant  of  ice  is  much  larger  than  that  of  the  background  medium. 
Hence,  the  independent  scatierers  assumption  is  inappropriate  for  snow  because  it  is  necessary  that 
the  correlation  between  adjacent  ice  panicles  to  be  considered[l4].  Two  imponant  phenomena 
that  must  be  considered  in  a  dense  medium  like  snow  are  the  backscaitering-enhancement  effect 
and  the  decrease  of  the  extinction  coefficient  when  the  density  is  high  [14,17-23]. 

Backscattering  enhancement  is  caused  by  the  constructive  interference  of  two  waves  propa¬ 
gating  in  opposite  directions  and  is  important  only  in  the  backscattering  direction,  when  the  phase 
difference  of  the  tv  u  «aves  is  zero  [HJO-ZS].  The  backscattering  enhancement  effect  has  been 
observed  for  both  randomly  distributed  discrete  particles  and  very  rough  surfaces.  The  impor¬ 
tance  of  the  backscattering  enhancement  has  been  recognized  in  optics  and  solid  stare  physics, 
but  its  significance  in  microwave  and  millimeter-wave  remote  sensing  has  not  yet  been  evaluated. 
Since  the  angular  width  of  tie  backscattering  enhancement  partem  is  much  less  than  i  degree 
for  discrete  particles,  the  backscattering  enhaiKcment  effect  is  not  observable  if  the  detector's 
ficld-of-view  is  large.  In  most  microwave  and  milliincicr-wavc  systems,  the  receiving  cone  of  the 
antenna  is  much  larger  than  1  degree  and  the  observation  cnnfigurauon  is  not  truly  monosuiic. 
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Hence,  the  backscaitering-enhanccment  effect  is  probably  not  significant  and  may  be  ignored,  at 
least  to  first-order. 

When  die  volume  fraction  of  particles  is  mote  than  1%,  the  extinction  coefficient  is  no  longer 
linearly  proportional  to  the  number  density.  The  derivation  from  the  linear  relationship  applicable 
at  low  densities  is  related  to  the  size  parameter,  dielectric  constant  and  volume  fraction  of  particles. 
Extensive  experimental  and  theoretical  studies  on  the  extinction  coeflicient  in  a  dense  medium 
have  been  conducted  in  recent  years  [14,18,19].  The  theoretical  models  include  Twersky’s  model, 
the  perturbation  solution  with  hole-conection,  the  quasi-crystalline  approximation  (QC  0  with 
Percus-Yevick  pair  correlation  fimetion.  and  the  quasi<tystalline  approximation  with  coherent 
potential  (QCA-CP).  Twersky’s  model  is  simple  but  it  is  applicable  only  for  small  particles.  The 
formula  based  on  the  hole-correction  is  valid  if  the  voiume  fraeJon  is  much  less  than  10%.  For 
higher  concentrations,  QCA  and  QCA-CP  with  the  Pcrcus-Ye«'ick  pair  correlation  function  have 
been  shown  to  be  effective  [14], 

In  the  millimeter-wave  region  where  the  size  parameter  is  close  to  1 .  we  cannot  use  a  small 
panicle  approximation.  We  need  to  solve  the  QCA  numerically  (14).  We  calculated  the  extinction 
coefficient  of  snow  using  the  QCA  with  the  Percus-Yevick  pair  distribution  function  at  35, 95  and 
140  GHz.  The  results  are  listed  in  Table  1.  When  the  volume  fraction  /  is  0.4,  the  extinction 
coefficients  given  by  QCA  are  only  6.5  %  of  those  calculated  according  to  the  EFA  at  35  GHz 
and  similar  percentages  apply  at  95  and  140  GHz.  The  optical  distance,  which  is  defined  as 
r  =  (k«  -f-  Kaj)d,  is  shown  in  Fig.  1  as  a  function  of  liquid  water  content  for  both  EFA  and  QCA. 

According  to  recent  extinction  measurements  conducted  for  dry  snov/  at  35  and  95  GHz  [2], 
the  extinction  toefficiem  was  found  to  exhibit  a  strong  dependence  on  snow  type.  The  reported 
values  of  the  extinction  coefficient  coveted  the  range  between  0.96  and  15 4  ( ^ )  at  35  CHz  and 
between  1.9  and  30.7  {^)  at  95  GHz,  with  estimated  median  values  of  about  3.7  (^)  at  35 
GHz  and  19  (^)  at  95  GHz.  The  median  value  at  95  GHz  is  close  to  tha*  '■omprised  using  the 
QCA  method,  but  the  median  extinctioa  coefficient  at  35  GHz  is  much  higher  than  that  computed 
according  to  the  QCA  method. 

If  the  optical  distance  is  greater  than  5,  the  backscattcring  coefficient  of  dry  snow  becomes 
essentially  independent  of  the  optical  di.stance  (in  the  millimeter-wave  region).  For  a  snow 


thickness  of  0.45  m  and  extinction  coefficient  of  19  (^)  .  the  optical  distance  is  already  more 
than  8  at  95  GHz.  Therefore,  the  exact  value  of  extinction  coefficient  is  not  imponant  at  95  and 
140  GHz.  However,  an  accurate  estimate  of  the  extinction  coefficient  is  important  at  35  GHz 
because  t  is  smaller.  In  our  model  calculations,  we  used  extinction  coefficients  of  3.7  (^)  at 
35  GHz  and  19  (^)  at  95  GHz,  which  seem  to  offer  th;  best  fit  to  the  experimental  data.  Due 
to  the  lack  of  measured  extinction-coefficient  data  at  140  GHz,  we  will  use  the  value  calculated 
by  the  QCA  model. 

III.  RADIATIVE  TRANSFER  THEORY 

Microwave  remote  sensing  of  grourxl  snow  has  been  studied  by  many  researchers  in  the  past 
(1,14).  The  model  is  usually  based  on  the  radiative  transfer  theory,  and  the  Rayleigh  phase 
function  is  used  for  modeling  the  ice  panicles.  This  is  a  good  approximation  for  microwave 
remote  sensing  because  the  ice-panicle  size  is  much  smaller  than  the  wavelength.  Fcr  millimeter- 
wave  remote  sensing,  where  die  ice  particle  size  is  comparable  to  the  wavelength,  the  Mie  phase 
function  must  be  used  instead. 

In  a  den  ediora  like  snow,  we  need  to  modify  the  conventional  radiative  transfer  theory 
to  take  into  account  the  correlation  between  panicles.  A  dense-media  radiative  transfer  theory 
was  recently  developed  using  the  Dyson  equation  with  QCA-CP  and  the  Bethe-Salpeter  equation 
under  the  ladder  approximation  of  correlated  scaacrers  f  14, 17,18).  The  form  of  the  dense-media 
radiative  transfer  theory  is  the  same  as  the  conventional  radiative  transfer  theory  and.  therefore, 
the  same  numerical  techniques  can  be  used  for  its  solution  (18^4,2526].  The  difference  between 
the  conventional  radiative  transfer  theory  and  the  dense-media  radiative  transfer  theory  is  the 
cxtinciion  rate,  which  can  be  obtained  by  the  QCA-CP  and  the  new  form  of  the  albedo.  The 
phase  fimction  is  still  the  single  particle  phase  function,  which  can  be  approximated  by  the 
Rayleigh  phase  function  when  the  particles  are  small  in  size  compared  to  the  wavelength. 

In  this  paper  we  shall  use  a  modified  version  of  the  conventional  radiative  uansfer  model,  but 
the  formulation  is  not  as  rigid  as  the  one  given  in  (18).  We  will  use  die  measured  extinction  coeffi¬ 
cient  instead  of  the  one  obtained  by  the  effective  field  approximation.  This  seems  to  give  the  best 
fit  to  the  experimental  data.  The  background  dielectric  constant  of  the  snow  layer  will  be  obtained 
by  the  QCA  and  the  real  part  will  be  used  for  calculating  the  reflectivity  and  transmissivity.  The 
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phase  function  will  be  calcL'atcd  using  the  Mie  theory.  Unlike  the  dense-media  radiative  transfer 
theory,  the  albedo  will  not  depend  on  the  medium  concentration  The  background  wosorption  will 
be  calcul^,ted  usi..g  a  mixing  formula  and  included  in  the  total  extinction  coefficient.  This  will 
effectively  reduce  the  albedo  when  the  liquid  water  content  increases  in  the  background. 

A.  Problem  Formulation 

We  consider  a  plane  parallel  medium  containing  spherical  particles  as  shown  in  Fig.  2.  A 
linearly  polarized  wave,  which  can  be  either  vertically  or  horizontally  polarized,  is  obliquely 
incident  with  incident  angles  and  4>o.  The  dielectric  const  its  of  media  1,  2.  and  3  may  be 
different.  In  cji  inodel  medium  1  is  air.  medium  2  is  .snow,  and  medium  3  is  the  ground.  We 
assume  and  (3  do  not  change  with  temperature,  but  €3  (the  background  dielectric  constant  of 
medium  2)  varies  in  response  to  changes  in  liquid  water  content  of  the  snow  layer. 

The  formulation  of  the  radiative  transfer  theory  for  an  oblique  incident  case  has  been  derived 
previously  in  terms  of  the  Fourier  series  expansion  for  the  Stokes  vectors  [25].  If  the  incident  wave 
is  normally  incident  and  linearly  polarized,  only  two  terms  in  the  Fourier  series  are  necessary, 
but  the  oblique  incident  case  requires  all  the  components  of  the  Fourier  series  [25].  In  this  paper 
we  will  briefly  describe  the  formulation.  The  details  can  be  found  elsewhere  [24,25]. 

For  convenience  we  will  use  the  modified  Stokes  parameters  V'}, 


h  =  {E:E;) 
h  =  {E3EI) 

U  =  2Re{EiE;) 

V  =  2Im{ExE\)  (4) 

where  E\  and  E-j  are  the  electric  field  in  the  S  and  0  directions,  'ihe  equation  of  tran.«fcr  for  the 
incoherent  specific  intensity  /  propagating  in  the  i  direction  (Fig.  2)  is  given  by 


-  '‘osI/Cr,  j)]  i-  ''e  /  Ow'[5][/(f,i')J  + 

Jin 


(5) 
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where 


[/I 

[5] 

(/.] 


\ 


h 


=  4x1  incoherent  specific  intensity  matrix. 


[5ij]  =  4x4  Mueller  matrix, 

4x1  incidem  specific  intensity  matrix  (defined  later  by  (13)). 


The  Mueller  matrix  (which  also  is  called  the  scattering  matrix)  is  expressed  in  terms  of  the 
scattering  amplitudes  /n  ./u./ji,  and  /jj  (Ishimaru]: 


^  {\M? 

(l/nl)' 

1 

i\hx\? 

(I/33I)' 

{<Jt) 

IR^Uxifn) 

2Re{fufh) 

\  2/m(/n/2j) 

RtUnfh)  -M/ufn) 

Mhxfh)  -Imihifh) 

R^ifnfh  +  /ij/ji)  - IMfnfh  -  fufn) 

+  /ij/ji)  R^ifwfn  ~  /12/31)  ) 

where  0  denotes  ensemble  averaging  over  the  panicle  size  distribution  and  (cr,)  is  the  average 
extinction  cross  section  of  the  particles.  In  terms  of  the  optical  distance  r  and  the  extinction 
coefficient  the  equation  of  transfer  becomes 


dr 


=  -(/{r.i))  +  5/  du;'[5][/(T.i')]  +  ^[/.] 


with 


ti  =  cos  9, 


(7) 
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du'do' , 


(Lj'  = 
dr  =r  ^K'^ds, 

/<'  -  Kf  +  Ki,  (8) 

Absorption  by  the  background  medium  (wet  air'  ;s  now  included  in  k.  in  Eq  7  It  the  backgmur.d 
absorption  is  zero,  Eq.  7  reduces  to  Eq.  2  in  [25].  However,  if  /Vjj  is  not  zero,  acts  like  an 
additional  loss  term  in  the  particle’s  extinction  cross  section. 


(Vj  +  Koj 

In  a  sparse  medium  with  number  density  .V  and  =  S(Jt  ,  the  above  cquauon  becomes: 


_ _ {(ft) 

<  ~  {'yt)^^' 

This  form  is  similar  to  the  albedo  of  a  single  particle  which  is  defined  as 


tlO) 


ir,  =  = 


(H) 


«r,  <J,  +  Ca 

where  a,  and  are  the  panicle’s  scattering  and  abso.ption  cross-sections.  If  we  define  the 
effective  albedo  as 


W'  = 


<7,  +  ^ 


(12) 


we  observe  that  it  decreases  as  the  background  absorption  increases.  For  example,  the  effective 
albedo  of  dry  snow  at  95  GHz  is  Vl'^  ^  0.99.  If  the  background  is  wet  and  the  snow  wemess 
is  5%,  the  effective  albedo  becomes  W'^  =  0.69.  A  similar  calculation  at  35  GHz  shows  that 
decreases  from  0.95  for  dry  snow  to  W^,  =  0.09  for  a  snow  wemess  of  5%.  In  our  model 
we  "ssume  ^  to  be  independent  of  the  density  and  given  by  Eq.  9.  For  calculating  the  optical 
distance  and  the  reflection  coefficients,  however,  we  used  QCA  to  obtain  the  effective  propagation 
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constani  )i  tiie  snow  WV  chose  tliis  approach  he.  iiivc  if  Q>  ' A  .  .-  I  U)'-  calc,,  ...,a  7‘.  the 
backscaiicnrg  -  i.:  ^ccomer  verv  siic,''  '  ■  •‘■ci  <now  and  i'  i  ■  ■  la'  -i-iih 

the  c-xpenmcntal  data.  Otir  apprc.jch  seems  to  give  a  i-eascttable  to  'his  capi  :ncnial  data 
One  problem  wtth  ipproaih  is  that  '*her.  -  becomes  c  all.  the  ,r.te  '  ;y  ol  be  dry  sno'*  ttay 
heccine  less  tj.''  .r..ti  of  tb'e  'vet  stow.  For  \T' ;-a.  •••:.. --e  sensing,  ^  -.er.  -  s  larse  ard  this 
deficiency  <  •’oi  -tncaJ. 

B.  Ini  iiii  nt  Specific  intensity  for  \’ertical  Polari/  ifion 

Because  of  reflection  at  he  boundaries,  -e  "i-e  jpward  md  tow-Tiwa'-;  raveLr.c  '.ncident 
wave<: 


where  1/*]  is  for  ^)0  and  [/,  ■  is  for  /i(&.  For  a  vertically  pola.-lrco  .neident  wave  /j^lOOCl-' 
incident  along  the  direction  (pio.o),  [/,■*■]  is  given  in  terms  of  the  reuuccd  incident  intensity  I*  by 


la  =  jismdu' 


=  hC,j[S] 
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=  hC, 
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^  **o 


(14) 


with 


_  .  _  {\hx?)  r  _  ^ReUnllx)  .  _  2/m(/n/^i) 

(<7i)  {at)  {a,}  (a,) 
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/io  -  cos9o,<t>o  =  0  ;  Fu,Fi\,Fzx,F^\  are  evaluated  at  ^  =  /i,,: 


r  — 

Ti2 

(16) 

Cp  - 

1  -  A23^2iexp(-^)’ 

Tu  = 

,2 

nt  cos 

(17) 

Ri\  - 

1’-2M'. 

(18) 

R23  = 

I’■23p. 

(19) 

where  the  superscrpi  i’  denotes  vertical  polarization  and  r"  and  t"  are  the  Fresnel  reflection  and 
'.'ansinission  cocfflcienis  it  boundary  ij. 


„  n.  cos^i  -  n,  cos 

—  —  -  I  ■ 

Tij  cos  d,  +  n,  cos  dj 

_  2nj  cos  $, _ 

Hj  coc  $,  +  n,  cos  6j 

The  reflected  incident  specific  intensity  [/,“]  is  given  by 


(20) 

(21) 


f/n  =  I[S][I;.W 


=  loC^R-a  j\S] 


( l\ 
0 
0 

\0/ 


6(n'  V  tia)S(0')dn'd4>' 

Mo 


=  /oCpiZjs 


‘  Fxx  ^ 
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C.  Incident  Specific  Intensity  for  Horizontal  Polarization 

For  a  horizontally  polarized  incident  wave  given  by  /o[0100]^.  [/,^]  is  given  by 


(22) 
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(C]  =  hc. 


(23) 


with 


^  Fx2  ^ 
F22 
F32 


.  (I/12I')  .  (i/22l'>  .  2Re(fx2fh)  r,  2Im{f-afh) 

"  '  ;».)  — 

The  reflected  for  horizontal  polarization  is  given  by 


(24) 


[in  =  IoC,R23 


i  Fi2  \ 
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F32 
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expl- 


2ro  -  r 
ho 


)■ 


(25) 


The  qualities  Cp  and  R23  in  (23)  and  (24)  are  given  by  the  same  expressions  given  previoif! »  for 
die  vertical  polarization  case,  except  for  replacing  the  superscript  v  with  h  everywhere  and  using 


>3 


Tli  tos  $i  -  Tlj  cos  9j 
n,  cos  9,  +  rij  cos  9j 
2n,  cos  9i 

n,  cos  9,  4  U;  cos  9j 


D.  Outline  of  the  Solution 


(26) 

(27) 


The  boundary  condition  for  the  incoherent  specifle  intensity  [/]  is  that  the  inward  intensities 
at  the  upper  and  lower  boundaries  are  given  by 


[I(t  -  0,-m)  =  =  o-h)].  -l(h(0 

[I{r  =  ro,-/i))  =  [R23{n)][I{r  =  Tp,^)],  0(h(l 


Ca) 

(29) 
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where  [iZ2i(M))  and  (ii23(/i)]  are  reflectively  matrices  given  by  generic  forms 


^  |r“|^  0  0  o' 

0  0  0 
0  0  Reir-^jT^;}  -/m(r.y,'‘;) 

\  0  0  /m(r“r.'‘;)  Re(T^,r^;)  j 


(30) 


It  is  possible  to  eliminate  the  d  dependence  from  Eq.  7  and  obtain  a  new  equation  in  terms  of  r 
and  /i  [1,14^4^5].  First  we  expand  (/1,(5]  and  [F]  in  Fourier  scries  in  <i>.  For  the  plant  wave 
case,  we  can  show  that  all  Fourier  components  of  the  equation  of  transfer  are  independent  of 
each  other,  and  for  the  vertically  and  horizontally  polarized  incident  waves,  the  first  two  terms 
of  the  stokes  vector  are  even  functions  of  4)  and  the  last  two  terms  are  odd  functions  of  0.  The 
incoherent  specific  intensity  is  given  by  the  sum  of  all  Fourier  terms. 


(^1  =  {/].„  sin  md> 


(31) 


We  can  obtain  the  equation  of  transfer  for  each  Fourier  component.  For  the  Fourier  component 
rr.  =  0  and  a  vertically  polarized  incident  wave. 


=  -((i, + ^  + ^c,iF* 


^0 


where 


(32) 


[/]o  = 

For  m)0 


lol 

Io7 


fit 

fji 


Fn 

Fji 


(33) 


+  ^  /  [ilm[/jm V  +  ^Cp(F'*’j„e“^  +  ^Cpflj3(F"]„e~^^  (34) 

O*  J 
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where 


The  equation  of  transfer  given  by  Eq.  32  and  34,  together  with  the  ooundary  conditions  given  by 
Eq.  28  and  29,  constitute  the  complete  mathematical  formulation  of  the  problem.  An  analytical 
solution  of  the  integro-difTerentiai  equation  given  by  Eq.  (32)  and  (34)  is  not  available,  but  it  is 
possible  to  solve  the  equation  of  transfer  numerically  by  several  techniques.  In  this  study  we  use 
the  discrete  ordinate  method.  The  details  of  these  techniques  are  given  in  [24]  and  [25].  Once 
[I\a  and  [/]m  have  been  found,  the  total  incoherent  specific  intensity  emerging  from  the  layer  at 
a  point  above  the  air-snow  boundary  can  be  computed  from 


(^]  =  (rail  i: 


I  m4>  +  T' 

,^?t  u 


sinm(>>  at  r  -  0 


where  [T21]  is  the  transmissivity  matrix  of  the  upper  boundary.  If  the  incident  angle  is  larger  than 
the  critical  angle,  [T,;]  =  0:  otherwise,  it  is  given  by 


'  |<«|*  0  0  0 

0  0  fle(f“,C;) 

where  tij  is  given  by  (21)  for  vertical  polarization  and  by  (27)  for  horizontal  polarization. 

Once  the  specific  intensity  has  been  computed  for  a  vertically  polarized  incident  wave,  the 
backscattering  coefficients  of  the  snow-volume  for  vv  arxi  hv  polarizations  can  be  obtained  from 
the  first  and  second  elements  of  [7] 
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tr]!"  =  -iircosOoli 

=  4)rcostfo/2  (38) 

IV.  SURFACE  SCATTERING  AT  BOUNDARIES 

In  the  millimeter-wave  region,  most  natural  surfaces,  such  as  ground  snow,  are  rough  compared 
to  the  wavelength.  Surface  scattering  at  the  snow-ground  interface  is  not  important  for  millimeter- 
wave  remote  sensing  because  of  the  large  amount  of  attenuation  in  the  snow  layer,  however,  the 
scattering  at  the  air-snow  interface  becomes  important  when  snow  is  wet  and  the  volume  fraction 
of  ice  panicles  is  high. 

If  the  top  <’trface  is  rough,  the  incident  wave  transmitted  into  the  snow  layer  is  no  longer  a 
plane  wave.  Hence,  we  need  to  consider  the  interaction  between  surface  scattering  and  volume 
scattering.  This  interaction  has  been  examined  in  the  literamre  [I,  14]  for  a  Rayleigh  lay^r 
bounded  by  a  Kirchhoff  'r^igh  surface  interface.  Based  on  these  studies,  we  can  ignore  the 
influence  of  the  rough  surfrxe  on  the  wave  transmitted  into  the  snow  layer  because,  as  we  have 
shown  in  Table  1.  the  eifective  index  of  refraction  of  the  snow  layer  is  around  1.3.  However,  we 
nave  to  account  for  the  direct  backscatter  from  the  rough  surface,  which  we  can  add  incoherently 
to  the  volume  backscattcring  distribution  dervied  in  the  preceeding  section  [26]. 

Two  widely  used  techniques  for  analyzing  surface  scattering  are  the  Kirchhoff  approximation 
and  the  small  perturbation  method  [1,14].  If  a  surface  has  a  large  rms  slope,  we  can  obtain  a 
simple  expression  <ising  the  KirchboGT  stationary  phase  approximation.  Assuming  that  the  surface 
characteristics  can  be  modeled  by  a  Gaussiar  correlation  function,  w;  can  writ:  the  co-polarized 
backscattcring  coefficient  of  the  snow  surface  as 


c,,  = 


|-(0)l»exp(-^) 
2m*  co«^ 


(39) 


where  9a  is  the  incident  angle,  m  is  the  rms  slope,  and  r(0)  is  the  Fresnel  reflection  coefficient 
evaluated  at  normal  incidence.  'I'he  Kirckhoff  approximation  does  not  produce  depolarization  in 
the  backscatter  direction.  Tliercfoie,  the  total-snow  backscattcring  coefficient  is 
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—1/1/ 

II 

+  (T„ 

= 

+  Om, 

— 

-  (Tj, 

-  -  ^JV 

V.  RESULTS 


(40) 


In  this  section  we  shall  discuss  the  variation  of  the  backscattering  cceflicient  with  snow 
wetness  (Liquid  water  content),  snow  thickness,  and  angle  of  incidence,  and  we  shall  graduate 
the  contribution  of  surface  scattering  to  the  total  backscattering  coefficient.  All  calculations  were 
preferred  for  a  snow  layer  with  an  ice  volume  fraction  of  0.4  containing  ice  panicles  characterized 
by  a  normal  size  distribution  with  a  mean  diameter  of  1mm  and  a  standard  deviation  of  0.2mm. 
The  snow  surface  is  assumed  to  have  a  nns  shape  m  =  0.5. 

Evaluation  of  the  Fourier  components  of  (36)  led  to  the  conclusion  that  it  is  necessary  to 
include  only  the  first  four  comportenis  in  the  computation  of  the  scattered  intensity  I  because  the 
contributions  of  the  higher  order  conponents  are  negligibly  small.  Moreover,  except  when  the 
snow  layer  is  dry  and  its  thickness  is  only  a  few  centimeters,  the  effects  of  reflections  by  the 
underlying  ground  surface  may  be  ignored. 

A.  Surface  Scattering  Contribution 

The  plots  shown  in  Fig.  3  depict  the  35-CHz  variation  of  the  .snow-volume  backscanering 
coefficient  <7,v  with  liquid  water  content  for  a  0.45-ro  thick  snow  layer  at  the  incident  angle 
Oo  =  40”.  An  additional  curve  is  shown  fm^  the  co-polaiized  case  representing  the  total-snow 
backscattering  coeflicieni  <Ti„  which  includes  and  the  surface  contribution  We  observe 
that  (T„  decreases  rapidly  with  increasing  liquid  water  content  due  to  the  corresponding  increase 
in  background  abserptioa.  The  rate  of  decrease  of  the  cross-polarized  compt  .  it  i;  much  higher 
than  the  rate  for  the  co-polarized  component,  indicating  less  multiple  scatter.!.^  the  medium 
becomes  highly  absorptive.  Because  we  use  spherically  shaped  ice  particles  in  the  mode,  single 
scattering  does  not  produce  depolarization;  the  depolarized  return  is  caused  exciusively  by  multiple 
scattering. 


) 


i 
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For  dry  snow  (m,,  =  0),  the  contribution  of  surface  scattering,  is  negligibly  small  in 
comparison  with  £t,„.  However.  <t„  increases  with  increasing  m„  and  becomes  comparable  in 
magnitude  with  at  m„  =  5%.  These  observations  pertain  to  35  GHz.  Similar  calculations 
made  at  95  and  140  GHz  indicate  that  a,,  <<  even  at  m„  =  5%.  Thus,  surface  scattering 
may  not  be  included  at  these  higher  frequencies. 

The  variation  of  the  backscattering  coefficient  with  liquid  water  content  at  95  and  140  GHz 
is  shown  in  Fig.  4.  Compared  with  the  35-GHz  results,  decreases  with  liquid  water  content 
at  a  much  slower  rate,  and  the  cross-polarized  component  remains  significant  in  magnitude  ever 
at  high  liquid  water  contents,  indicating  strong  volume  scattering  with  snow  layer.  Although  the 
background  absorption  coefhcieni  K^g  is  approximately  twice  as  large  at  95  GHz  than  its  value  at 
35  GHz  (see  Table  1).  the  effect  of  the  background  absorption  on  the  total  backscatiered  signal  is 
less  important  at  95  GHz  than  at  35  GHz  because  the  scattering  cross  section  of  the  ice  parJcle  is 
much  larger  at  95  GHz,  as  a  result  of  which  multiple  scattering  becomes  dominant  in  comparison 
to  absorption.  As  was  noted  earlier,  at  95  GHz  the  effective  albedo  of  the  snow  volume  decrcase.s 

from  0.99  for  dfy  snow  to  0.69  for  wet  - - wth  rriv  =  5%,  compared  to  a  corresponding 

decrease  from  0.95  to  0.09  at  35  GHz.  At  140  GHz,  the  -^ective  albedo  decreases  from  0.99  for 
dry  snow  to  0.90  for  m„  =  5%. 

B.  Angular  Variation 

The  angular  variation  shown  in  Fig.  5  is  very  close  to  a  cc.- » ,  dependence  for  tc-  co- 
and  cross-  polarized  scattering  coefficienis.  The  co-polarized  response  fjoth  hh  Ai'd  vv 

polarizations  because  according  to  the  model  calculaiions,  there  is  little  diflcrc..^. 
two  responses.  This  co$0  •  like  variations  was  also  observed  at  95  arxl  140  GHz. 

C.  Variation  with  Snow  Thickness 

Figure  6  shows  the  response  of  the  backscattering  coefficient  to  snow  thickness  at  35  and 
95  GHz  for  9,  =  40®.  Two  wetness  condiuons  are  shown.  In  all  cases,  the  minimum  thickness 
con.«idc.Td  in  the  model  calculations  was  5  crn.  For  dry  snow.  <7„,  increases  rapidly  with  increasing 
snow  thickness,  particularly  for  cross  polarization,  until  it  approaches  a  saturation  level  beyond 
which  the  increase  becomes  very  gradual. 
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D.  Simulation  of  Diurnal  Response 

Let  us  consider  a  diurnal  cycle  during  which  the  liquid  water  content  of  a  0.45-m  thick  snow 
layer  exhibits  the  variation  shown  in  Fig.  7a.  which  is  Gaussian  shaped  with  a  peak  value  of 
2%.  In  fact  the  wetness  need  not  be  unifoim  in  depth  because  the  radar  response  is  essentiany 
controlled  by  the  wetness  of  the  veiy  surface  layer  (as  long  as  the  layer  is  not  dry  and  the  snow 
contains  a  subsurface  layer  with  non-zero  wetness). 

Figures  7b,  7c  and  7d  show  the  corresponding  diurnal  radar  response  at  35,  95,  and  140  GHz. 
All  cases  include  both  the  co-  and  cross-polarized  responses.  As  expected,  the  radar  diurnal 
responses  are  approximately  mirror  images  of  the  liquid-water  diurnal  variation,  with  35  GHz 
exhibiting  the  greatest  dynamic  range  and  140  GHz  exhibiting  the  smallest. 

VI.  CONCLUSIONS 

Using  radiative  transfer  theory,  we  developed  a  reasonably  and  computationally  cfltcicnt, 
uncomplicated,  model  for  relating  the  backscattering  coefficient  of  snow  at  millimeter  wavelengths 
to  the  physical  properties  of  the  snow  layer.  According  to  the  mode,  snow-surface  roughness  is 
unimportant  when  the  snow  is  dry,  but  when  the  snow  is  wet  snow-surface  roughness  is  important 
at  35  GHz  but  not  at  the  higher  frequencies  examined  in  this  paper  (95  and  140  GHz). 

Within  an  error  of  about  1  dB,  the  backscattering  coefficient  eru  varies  with  incidence  an¬ 
gle  as  cos  9q  for  both  the  co-polarized  and  cross-polarized  configurations  at  ail  millimeter-wave 
frequencies  and  liquid  water  contents  considered  in  this  study.  The  effective  penetration  depth 
of  the  snow  medium  is  strongly  dependent  on  frequency  and  the  liquid  water  content.  At  35 
GHz,  the  effective  penetration  depth  decreases  from  about  30cm  for  dry  snow  down  to  about 
1.5cm  for  m„  =  5%.  At  95  and  140  GHz,  the  penetration  depth  of  dry  snow  is  5cm  and  1cm, 
respectively.  The  backscattering  coefficient  decreases  with  increasing  liquid  water  content,  with 
35  GHz  exhibiting  the  strongest  sensitivity  to  liquid  water  variations  and  140  GHz  exhibiting  the 
weakest. 
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FIGURE  CAPTIONS 


Figure  1.  Optical  distance  r  versus  liquid  water  content  mv  at  35  and  95  GHz.  Snow  depth  is 
0.45  m,  the  ice  voluine  fraction  is  0.4,  and  average  ice  particle  direction  is  1  mm.  EFA  is 
the  effective  field  approximation  and  QCA  is  the  quasi-crystalline  approximation. 

Figure  2.  Geometry  showing  the  snow  model. 

Figure  3.  Backscattering  coefficients  and  versus  at  35  GHz.  Symbols  are  the 
calculated  values  based  cn  the  radiative  transfer  theory.  Solid  lines  are  3rd  order  polynomial 
curve  fit  to  calculated  results.  The  incidence  angle  is  6^  =  40°  and  the  incident  wave  is 
venically  polarized.  The  rms  slope  of  the  snow  surface  is  m  =  0.5. 

Figure  4.  Backscanering  coefficient  versus  at  95  and  140  GHz.  Symbols  are  the 
calculated  values  based  on  the  radiative  transfer  theory.  Solid  lines  are  3rd  order  polynomial 
curve  fit  to  calculated  results.  The  incident  angle  is  9o  =  40°  and  the  incident  wave  is 
horizontally  polarized. 

Figure  5.  Backscanering  coefficient  versus  incident  angle  at  35  GHz  for  0.45  m  thick  layer. 

Figure  6.  Backscattering  coefficient  versus  snow  thickness.  The  incident  angle  is  9^  =  40° 

and  the  incident  wave  is  vertically  popiarized. 

Figure  7(a).  Model  for  the  liquid  water  content  variation  in  time.  m„  =  exp[-(f  - 

13.85)*/<t^  where  is  the  peak  value  =  2%,  t  is  time  in  hours  and  (7  is  the 

standard  deviation  a  =  2.  (b),  (c)  and  (d)  are  the  diurnal  variation  of  the  backscanering 
coefficient  <r„,  at  35.  95  and  140  GH-. 
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Table  1  Dicleciric  and  propagation  propcrnes  of  a  snow  medium  with  ice  volume  fraction  /=0.4, 


average  ice  particle  diameter  of  1mm,  and  number  density  A'=7. 64x10*. 

35  GHz  Cjce 

=  3.15+10.003,  aj  = 

1.2x10*8.  Oa 

=5x10*10, 

iCg(EFA)=8.24  (Np/m) 

rriy 

^b 

’'ag 

K  (QCA)  (Np/m) 

Re(n((2CA)] 

VQO) 

{%) 

Real 

Imag. 

(Np/m) 

Real 

Imag. 

(Np/m) 

0 

1 

0 

0 

930 

0.269 

1.268 

0.538 

1 

1.0427 

0.0129 

5.56 

942 

0.267 

1.285 

0.534 

2 

1.1C4 

0.0532 

22.2 

958 

0.264 

1.307 

0.528 

3 

1.1776 

0.0869 

35.2 

97? 

0.262 

1.332 

0,524 

4 

1.2405 

0.1268 

50.0 

992 

0.259 

1.353 

0.518 

5 

1.3046 

0.1723 

66.2 

1007 

0.257 

1.373 

0.514 

95  GHz  e^ce  =  3.15+i0.0085.  Oj  =5.89xlO-'^,  =4.28xl0-^.  Kg(EFA)=402  (Np/m) 


fHy 

^b 

*^ag 

K  (CJCA)  (Np/m) 

Re[n((3CA)] 

Ke(QCA) 

(%) 

Real 

Imag. 

(Np/m) 

Real 

Imag. 

(Np/m) 

0 

1 

0 

0 

2562 

11.35 

1.2884 

22.69 

1 

1.0296 

0.0138 

16.2 

2582 

10.91 

1.298 

21.82 

2 

1.0626 

0.0397 

45.9 

2604 

10.43 

1.3095 

20.86 

3 

1.1055 

0.0697 

78.7 

2632 

9.84 

1.323 

19.68 

4 

1.141 

0.0961 

107.2 

2654 

9.39 

1.335 

18.78 

5 

1.1765 

0.1244 

136.6 

2676 

8.95 

1.346 

17.9 

140  GHz  e^ce  »  3.15xi0.0l2.  Oj  =..95x10*6  «2.33xl0*8.  ic^(EFA)=1331(Np/m) 


my 

^b 

*^g 

K  (QCA)  (Np/m) 

Re{n((2CA)] 

K^iQCA) 

(%) 

Real 

Imag. 

(Np/m) 

Real 

Imag. 

(Np/m) 

0 

1 

0 

0 

3876 

56.58 

1.32 

113.15 

1 

1.0254 

0.0115 

20 

3891 

54.95 

1.326 

109.9 

2 

1.0534 

0  0307 

52.67 

3909 

53.94 

1.331 

107.9 

3 

1.0883 

0.0540 

91.15 

3933 

53.36 

1.339 

106.7 

4 

1.1181 

0.0741 

123.38 

3955 

53.2 

1.347 

106.4 

5 

1.1482 

0.0953 

156.54 

3977 

53.1 

1.354 

106.3 

iDy :  liquid  water  cootent  by  volume,  .background  dielectric  constant,  ic^gt  background 
absorption  coefficient,  K(QCA):propagation  constant  un  the  snow  layer  obt^ned  by  QCA, 
Re[n(QCA)]:  real  part  of  the  effective  index  of  refiractioa  obtained  by  QCA,  Kg(QCA) 


:extinctioo  coefficient  of  ice  particles  obtained  by  QCA,  Kp(EFA)  textinction  coefficient  of 

ice  particles  obtained  by  EFA.  and  o,  :tocal  and  absorption  cross-sections  of  ice  particles 
obtained  by  EFA. 
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Backscattering  Coefficient  (dB) 
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Liquid  Water  Content  iHy  (%) 
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Backscattering  Coefficient  (dB) 
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